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CYCLIC BEHAVIOR AND  LIQUEFACTION RESISTANCE OF 
UNREINFORCED AND POLYPROPYLENE FIBER-REINFORCED LOOSE 
SANDS 
SUMMARY 
Soils usually combines fine and coarse materials such as silt, clay, sand and gravel 
with varying percentages by weight, and ground water in nature. Because of its 
granular and brittle structure, its tensile strength  almost equals to zero, and shear 
strength and shear strength parameters are tend to affect easily by environmental 
conditions. In order to accomplish this obscureness, the soil improvement methods 
are used since ancient times. Nowadays, the developments in technology and 
increasing population force civil engineers to design giant structures. In this point, 
the requirement of soils, that capable of bearing loads which are transferred from 
these huge buildings safely, occured. Therefore, soil improvement can be defined as  
a technique to improve the engineering properties of soils such as shear 
strength,compressibilty etc. in order to bear heavy structure loads safely. The soil 
improvement methods which has widespread usage in today, can be categorized into 
several groups,mechanical improvement and chemical stabilization with admixtures 
can be listed firstly. Appart from these, the soil reinforcement with fibers is a kind of 
soil improvement technique, used in geotechnical application in last decades with an 
increasing demand.  
 
Mainly, fiber-reinforcing soil can be defined as mixing soil with discrete elements, 
fibers which are produced naturally or artificially of several materials as 
coir(coconut), lingo-cellulosed, palm, straw,polyester, steel and polypropylene. The 
soil and fiber mixture is not only combined wtih randomly distrubution, but also they 
can be placed in layers.  
 
In addition to fibers’ contributions at improving soil properties against static loads, 
they are also beneficial at reducing the effects of hazards inducing dynamic loading. 
Many of the researchers still are dealing with understanding fibers’ contribution to 
soils under cyclic loads with laboratory studies. 
 
In scope of this research, two types of reconstituted sand specimens which belong to 
different regions of Turkey are observed under cyclic loads and static loads with a 
high strain rate. First of all, the specimen,which is liquefied by 23rd October 
2012,Van Earthquake Mw = 7.2, are subjected to cyclic triaxial tests in loose state to 
deterimine its cyclic behavior. And then, its maximum Young Modulus is tried to be 
determined in small strain level. Next, the fiber-reinforcement is applied this 
specimen limitedly due to insufficiency of sand specimen. Secondly, another kind of 
sand specimen is investigated by similar experimental approach. But this time, a 
series of test conducted on specimens with different conditions. The main purpose of 
 
 
xxiv 
 
this study is to determine the effect of fiber addition on loose state sands under cyclic 
loads and static loads with high strain rate. The cyclic and monotonic triaxial tests 
are performed on loose unreinforced or fiber-reinforced sand specimens, in order to 
achive this purpose. During the experimental study the remaining parameters such as 
confinig pressure, relative density,strain rate and aspect ratio are tried to keep 
constant. Apart from the literature, the fibers are mixed with the specimen in layers. 
In further studies, the soil-fibers mixture can be modelled in computational programs 
by considering the parameters such as number of fiber layers and format of fibers in 
soils. 
As a conclusion, the results obtained from laboratory work presented that fiber 
inclusion improves both cyclic and static behavior of loose sand. It also makes soils 
more resistant against to earthquake-induced liquefaction, depending on the test 
conditions and fiber content.  
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POLİPROPİLEN FİBER KATKILI- KATKISIZ  GEVŞEK KUMLARIN 
TEKRARLI YÜKLER ALTINDAKİ DAVRANIŞI VE SIVILAŞMA DURUMU 
ÖZET 
Zeminlerin daneli, boşluklu ve izotropik olmayan yapısı mühendislik 
uygulamalarında karşılaşılan problemlerin esas nedenlerinin başında gelmektedir. 
Herhangi bir mühendislik projesinin tasarım aşamasında geoteknik mühendisleri 
zemin etüd raporlarından faydalanarak,uğraştıkları zemini tanımaya dolayısı ile 
üstyapıdan gelecek olan yükleri güvenle aktarabilecekleri zemininin olup olmadığını 
anlamaya çalışırlar. Tasarım aşamasında doğru parametreleri zeminin bulunduğu 
koşulları da göz önüne alarak seçmek çok önemlidir. Ancak, günümüzde gelişen 
teknoloji ve buna bağlı olarak nüfusun belli başlı lokasyonlarda toplanması, 
mühendisleri yüksek katlı, masif betonarme veya çelik yapılar tasarlamaya 
zorlamaktadır. Bu nedenle, inşaat sahalarında karşılaşılan zeminler genellikle bu tip 
yapılardan gelecek yükleri güvenle taşıyacak kapasitede olamamaktadır. Bu noktada 
mühendisler  iki genel çözüme başvurmaktadır. Bunlardan birincisi daha sağlam 
zemin veya kayaçların olduğu daha derin tabakalara derin temellere vasıtası ile yükü 
doğrudan aktarma veya derin kazılarla bu tabakaların oluduğu derinliklere inip sığ 
temeller ile bu yükleri sağlam zemine iletmektir. Ancak sıkışık ve çarpışık şehir 
düzeninde çevre binaların, elektrik, su, doğalgaz ve hatta yer altı tünnellerinin hasar 
görebilecek olması; ekonomik endişeler bu çözümü her zaman mümkün 
kılmamaktadır. Bu tip durumlarda başvurulan diğer bir çözüm yolu zemin 
iyileştirmesidir. Genel anlamda zemin iyileştirmesi, zeminlerinin sıkışabilirlik, 
kayma mukavemeti ve permabilite gibi mühendislik özelliklerinin daha elverişli 
duruma getirilmesi olarak tanımlanabilir. Burada elverişlilik ile anlatılmak istenen,  
üzerine yapı yapılacak zeminin amaca uygun bir duruma getirilmesidir. Zemin 
iyileştirmesinin yapılma amaçlarının arasında şunlar öncelikle sayılabilir; zeminin 
stabilitesini arttırmak, taşıma gücünü arttırmak, oturma potansiyelini ve dolayısı ile 
oturmaları azaltmak, yatay deformasyonları engellemek. Günümüzde gelişen 
teknoloji ile beraber, farklı prensiplere dayalı birçok zemin iyileştirme methodu  
geoteknik mühendislerince uygulanmaktadır. Son yıllarda, önce laboratuvarda 
araştırılan daha sonra pratik mühendislik uygulamalarında kullanılan bir zemin 
iyileştirme methodu da doğal kaynaklardan veya suni olarak üretilmiş fiberlerin 
zeminle rastgele karıştırılarak homojen ve temiz zemine göre mühendislik özellikleri 
iyileşmiş zemin-fiber karışımı elde etmektir. Temel olarak, bitki liflerinin veya 
köklerinin zeminin stabilitesine sağladıkları katkı göz önüne alınarak geliştirilmeye 
çalışılan bu teknikte, fiber-zemin karışımı fiberlerin zemine göre çok yüksek olan 
çekme mukavemetlerinin sonucu olarak fibersiz zemine göre çok büyük kayma 
mukavemeti değerlerine ulaşabilmektedir. Bu nedenle özellikle efektif gerilmelerin 
buna bağlı olarak kayma mukavemetinin düşük olduğu yüzeye yakın zeminlerde, 
fiberlerin verimli olacağı düşünülmektedir.     
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Bununla birlikte fiberlerin zemin iyileştirmedeki avantajları şöyle sıralanabilir. 
Fiberlerin zemin ile karıştırlması stabilizasyon için  kullanılan çimento ve kireç gibi 
diğer malzemelerin karıştırlması kadar kolaydır. Ayrıca, homojen karışım 
sağlandığında, fiberler zemin içinde izotropik mukavemet sağlarlar. 
 
Diğer malzemeler ile maliyet açısından karşılaştırıldığında; diğer stabilizasyon 
malzmeleri ile birim fiyatta yarışabilir hale gelmiştir. Ancak fiber ile iyileştirilmiş bir 
zemin, çimneto veya kireç ile iyileştirilmiş bir zemine göre ortam koşullarından 
(Y.A.S.S gibi) çok daha az etkilenmektedir.  
 
Fiberli zemin iyileştirmesi için kullanılacak malzeme yelpazesi oldukça geniştir. 
Doğal fiberler (bitki kök ve lifleri) ile sentetik fiberler (polietilen, polipropilen) 
yanında geri dönüşümden elde edilen atıkların bir kısmı yine fiber olarak 
kullanılabilmektedir.  
 
Tüm bunların yanında fiberler mekanik olarak zeminde çekme gerilmelerinden 
oluşabilecek çatlakların göçme mekanizmalarını değişime uğratıp, zeminde ciddi 
mukavement kaybını engellerler. Ayrıca drenajsız tekrarlı yükleme durumunda; 
laboratuvarda yapılan araştırmalar fiberlerin zeminlerin sıvılaşma mukavemetini 
arttırıcı yönde ekisi olduğunu göstermiştir.  
 
Zeminler, çok çeşitli yüklere maruz kalabilmektedir. Bu yükleme durumları basitçe 
statik yükler ve dinamik yükler adı altında iki alt başlıkta sınıflandırılabilir. Statik 
yükler bazen üstyapıdan gelen yükler; bazen hidrostatik kuvetler ve bazen de iksa ve 
istinat yapılarında olduğu gibi zeminin kendi ağırlığından dolayı oluşan yanal yükler 
olmaktadır. Diğer taraftan zeminler; deniz kenarına yakın bölgelerde dalga yükleri; 
fabrika veya büyük imalathanelerin temel altı zemindeki makine titreşim yükleri; 
patlamalar ve en önemlisi de deprem yükleri gibi dinamik etkilere maruz 
kalmaktadırlar. Depremler esnasında üstyapılarda zemin kaynaklı birçok hasar 
görülmektedir. Bu hasarlara neden olan en önemli olaylardan biri sıvılaşmadır. Bu 
tez kapsamında sıvılaşma genel olarak ele incelenmiştir. Mekanizması, hangi 
durumlarda gözlenebileceği ve etkileyen faktörler detaylı bir biçimde 
anlatılmıştır.Ayrıca, sıvılaşmayı engellemede yararlı olabilecek ve pratikte 
uygulanan zemin iyileştirme yöntemleri aktarılmıştır. 
 
Bu tez çalışması kapsamında, gevşek kum zeminler üzerinde yapılan dinamik ve 
statik üç eksenli deneyler ile fiberlerin zeminin sıvılaşma mukavemetine etkisinin 
olup olmadığı araştırılımıştır. Ayrıca, ülkemizde 23 Ekim 2011 tarihinde gerçekleşen 
ve yüzlerce insanın vefatına neden olan Van depreimnde; sıvılaşarak zemin 
yüzeyinde kum konisi olarak beliren, Van’ın Topaktaş mevkiine ait bir kum zeminin 
sıvılaşma davranışı fiber katkılı veya katkısız olarak incelenmiştir. Bununla birlikte 
Van’ın diğer bölgelerinden alınmış numuneler üzerinde elek analizi yapılmış; bu 
zeminlerin dane dağılımlarının literatürde zeminler için belirlenmiş sıvılaşmaya 
müsait dane dağılımı aralığında olup olmadıkları gözlemlenmiştir. Çalışma 
kapsamında 2 çeşit kum zemin kullanılmıştır. Bunlardan birincisi yukarıda 
bahsedilen Topaktaş kumu; diğeri ise İstanbul’un Kilyos bölgesinin Akpınar 
mevkiinden getirilen kum zemindir. 
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Dinamik üç eksenli deney sisteminde ilk olarak Topaktaş kumu fiber katkısız olarak 
farklı dinamik genlik oranlarlarında konsolidasyonlu drenajsız olarak test edilmiştir. 
Daha sonra kumun kuru ağırlığının % 0.1’i ağırlığında fiber karıştırılarak zemin aynı 
koşullarda test edilmiştir. Numune hazırlama ve deney boyunca değişken 
parametreler (çevre basıncı, relatif sıkılık, numune boyu ve çapı) sabit tutulmaya 
çalışılmıştır. Ayrıca bu numunelerin bir kısmı üzerinde zeminin elastik deformasyon 
seviyesinde kalması sağlanarak fiber katkılı veya katkısız olarak Elastisite modülü 
tayine edilmeye çalışılmıştır. Numune yetersizliğinden dolayı fiber katkılı işlemler 
kütlece % 0.1 ile sınırlı kalmıştır. Ayrıca bu numunlere statik üç eksenli , kesme hızı 
yüksek deneyler yapılmış ve sonuçlar karşılaştırılmıştır. 
Deneysel programın ikinci kısmında, Akpınar bölgesine ait  No.10 elek ile No.200 
elek arasında dane çapına sahip Akpınar kumu, konsolidasyonlu drenajsız 3 eksenli 
deneylere tabi tutulmuştur. Farklı fiber muhtevalarında farklı dinamik gerilme 
oranları ile yapılan deneyler sonucunda fiber miktarının zeminin maksimum elastik 
modülüne etkisi ve sıvılaşma mukavemeti üzerine etkisi incelenmiştir. Bu deney 
setinde de numuneler gevşek hazırlanmıştır. Bu aşamada yapılan bir diğer değişik 
uygulamada fiberlerin zemine yerleştirilmesi noktasında olmuştur. Literatür detaylı 
bir biçimde incelendiğinde; fiber zemin içerisine sürekli rastgele dağıtılmış ve çeşitli 
numune hazırlama yöntemleri ile homojen numune elde edilmeye çalışılmıştır. Bu 
durumun tam aksine; deney numunelerinin bir kısmı tabakalı olarak hazırlanmıştır. 
10 cm.lik test edilen numune 2’şer cm.lik 5 tabakaya ayrılmış her iki tabaka arasına 
fiber yerleştirilmiştir. Sadece kütlece %1’lik numuneler üzerinde yapılan sonuçlar 
daha sonra aynı muhtevada fiberlerin rastgele dağıtıldığı numunelere ait sonuçlar 
karşılaştırılmıştır. Son olarak tabakalı hazırlanan fiber numuneler üzerinde farklı 
relatif sıkılığa sahip numune üzerinde yüksek kesme hızında deneyler yapılmış ve 
sonuçlar karşılaştırılmıştır. 
Genel olarak laboratuvar deneylerinin sonuçları fiber donatılı gevşek kum zeminlerin 
statik ve dinamik davranışlarının fibersiz zeminlere oranla iyileştiğini 
göstermektedir. Fiber miktarı arttıkça, sıvılaşma aynı dinamik genlik oranı için çok 
büyük çevrimlerde gözlenmiştir. Aynı şekilde sıvılaşmadan dolayı oluşan eksenel 
deformasyon ve boşluk suyu basıncı artışı fibersiz numunelere göre daha yavaş 
olmuştur. Bu tip  dinamik,konsolidasyonlu-drenajsız deneylerde önemli bir 
karşılaştırma kriteri olan N=20 çevrime ait dinamik genlik oarnları ve boşluk suyu 
basınçları fiber miktarına bağlı olarak değişiklik göstermiştir. Buna göre, fiber 
miktarı arttıkça zeminin 20 çevrimde dinamik olarak maruz kaldığı yük artmış; 
bunun tam aksine boşluk suyu basıncı azalmıştır. Tabakalı olarak hazırlanan 
numuneler, fiberlerin rastgele dağıldığı numuneler ile karşılaştırıldığında; yüksek 
dinamik genlik oranlarında tabakalı fiber dağılışına sahip numunelerin daha kolay 
sıvılaştığı ancak düşük dinamik gerilme oranlarında her iki tip numuneye ait deney 
sonuçlarının çok önemli farklara sahip olamdığı gözlemlenmiştir.Statik deneylerin 
sonuçlarına bakıldığında;  fiber oranı arttırıldıkça zeminin pik gerilme değeri de 
artmıştır. %0.1’lik fiber muhtevasında bu değer çok önemli ölçüde değişmesede 
%0.5 ve %1’lik numunelerde önemli ölçüde mukavemet artışı gözlemlenmiştir.Tüm 
bunların dışında tabakalı dağılaıma sahip numunelerde yapılan deney sonuçlarında 
pik mukavemetin; önemli ölçüde arttığı gözlemlenmiştir. İleride yapılacak olan 
çalışmalar ile ,uygulamada kolaylık ve kontrol edilebilirlik açısından, tabakalı fiber 
yerleştirilmesine ait modellemeler kurulabilir. Modellemede tabaka sayısı ve 
yüksekliği, fiber tabakanın kalınlığı ve fiber  boy/genişlik oranı  değişken parametre 
olabilir.  
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1.  INTRODUCTION 
Soils are subject to different types of loading; that can be separated into two groups 
as static and dynamic. Static loads can refer to buildings load, weight of soil mass, 
hydrostatic loads etc. On the other hand, the dynamic loads can be thought the result 
of wind, blasting, wave and mainly seismic and earthquake. There are several 
problems where the behavior of soils in dynamic loading due to its complexity, 
uncertainty. In practice, for both static and dynamic soil problems, variety of soil 
improvement techniques are used to improve the engineering properties of soils; 
moreover solutions of the problems, which are mentioned above, can be less 
expensive and much safer. 
1.1 Purpose of Thesis 
Fiber reinforced soil acts as a composite material in which fibers of relatively high 
tensile strength are planted in a soil matrix. Mainly, usage of randomly distributed 
flexible fibers imitates the behavior of plant roots and contributes to the stability of 
soil mass by improving the strength of soil which is near surface where the effective 
stress is low. Thus, laboratory test results have led to recommending conclusions 
proving the potential use of fibers for reinforcement of soil mass rendering a man-
made replication of the effects of botany.  
The soil stabilization has been applied for thousands of years. The first application in 
this area dates back to the Mesopotamians and Romans. They separately discovered 
that mixing weak soils with a bracing agent like pulverized limestone or calcium 
improved the capacity of pathways to carry traffic (Ellaby, 2010). The bearing of 
plant roots is a natural means of integrating randomly oriented fiber addition in the 
soils. The plant fibers improve the strength of the soils and the stability of natural 
slopes (Wu et al., 1988). Hence, the idea of fiber reinforcement was known more 
than 5000 years ago. For instance, straw and hay were used in order to reinforce sun-
dried soil bricks (Freitag, 1985). There are several monuments such as Great Wall of 
China which was constructed with reinforced. earth using branches of tress as tensile 
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components, also Ziggurats of Babylon constructed by using woven mats of read 
(Rao, 1996). 
In scope of this thesis, the contribution of fiber in soil improvement is observed in a 
series of laboratory tests. The cyclic response and liquefaction potential of loose 
sands is investigated and soil strength parameters have been determined. 
Furthermore, the liquefied sandy soil; which belongs to Topaktaş, Van and liquefied 
in earthquake occurred on 23rd of October, 2011; was observed with geotechnical 
earthquake engineering approach.  
First of all, brief information about the liquefaction phenomenon is given. And then, 
the most commonly used soil improvement for reducing hazards of earthquake-
induced liquefaction are defined. Next, dynamics properties, static and dynamic 
behavior of sand is presented along with the previous studies on fiber –treated sand 
specimens. Regarding the information gained from literature study, the experimental 
program has been prepared. 
In the experimental section of this study, cyclic and monotonic triaxial shear tests are 
performed.  Before the triaxial tests, the liquefaction potentials probability of soils 
brought to ITU Soil Mechanics laboratory from Van are evaluated by particle size 
distribution analysis. Then, the engineering properties of Topaktaş and Akpınar sand 
are determined. After, one type of polypropylene fiber is mixed with both Akpınar 
and Topaktaş sand. The effect of fiber addition on the liquefaction potentials and 
static behavior of sand are analyzed. 
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2.  OVERVIEW OF SOIL LIQUEFACTION  
2.1 Introduction 
In this chapter, an overview of suitable literature considering soil liquefaction due to 
seismic effects is given. As a part of the discussion on soil liquefaction initiation, a 
short summary on definitions of soil liquefaction and its mechanisms, explanation of 
its procedure simply, the soils that have risk to liquefy and post-liquefaction strength 
and deformations is presented.   
2.2 Soil Liquefaction and Its Mechanisms 
The usage of ‘‘liquefaction’’ term in soil mechanics dates back to 1948, when 
Terzaghi and Peck have described the important decrease in strength of very loose 
sand triggering flow failures because of slight disturbance. In a similar way, many 
researchers in geotechnical engineering defined soil liquefaction as the case 
occurring when saturated soil loses shear strength and effective stresses are 
decreased as a result of raised pore water pressure (The Japanese Geotechnical 
Society, 1998; National Research Council,1985; Day,2002 ; Das, 1993). Although, 
the soil liquefaction is defined or used by researchers, its hazards and mechanism are 
studied extensively after the earthquakes of 1964 in Niigata and Alaska. Earthquake-
induced liquefaction causes economic and life losses. For instance, the Kobe 
earthquake in 1995 (Mw=6.9) killed more than 5,500 people; destroyed over 200,000 
buildings, thus caused about US $200 billion in damages (Akai et al.,1995). Most of 
the damages; occurred in engineering structures such as ports, highways, buildings 
that are placed on loose, saturated sandy soils;  were related with liquefaction 
(Dobry, 1995; Mitchell et al., 1995; Elgamal et al., 1996; Werner et al., 1997). 
Moreover, Yoshimi et al. found out the relation between the magnitude of earthquake 
and the focal depth after Alaska earthquake in 1964. According to them, the 
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liquefaction is occurred in earthquakes, has magnitude that is greater than 7.0. 
Besides, the focal depth of the earthquake was about 40 km.  
Japanese Geotechnical Society (1998) emphasizes that during the earthquakes, 
excess pore pressure ratio has a tendency to raise up at the depth is near the surface, 
on the other hand, tends to decrease at deeper point. The excess pore pressure could 
never be greater than the initial effective overburden pressure. This explanation 
means that the excess pore water pressure (PWP) at deeper layer will be greater than 
the excess pore water pressure at shallow layer. As a conclusion, pore water moves 
to upwards to the shallower layer, where the pore pressure is smaller. Thus, the PWP 
ratio will be high because of infiltration pressure provided from deeper layers, hence 
it will cause sand particle contact pressure nil. 
Locations of soils, which are potentially liquefiable, are usually in fields around 
lakes, coasts, rivers where loose deposition and high water tables are dominant. In 
addition to this, the uniformity in sieve diameter and loose- placing granular soils are 
another factors that increase the liquefaction risk (Özaydın,2007). In 1861, an 
earthquake hits Helice, a coastal town in Greece, and Schimdt (1875) researched in 
the affected fields, which is given schematically in Figure1.1. The liquefied soils 
probably experience large deformations and settlements that can cause catastrophic 
failures to essential structures and facilities as lifelines, infrastructures in urban areas. 
In understanding of the mechanism of liquefaction, the laboratory experiments are 
beneficial. 
In Turkey, a case study on liquefaction started with March 13,1992, Erzincan 
earthquake with magnitude of Mw = 6.8, liquefaction existed in saturated sandy silty 
soil layers in Ekşisu region located in Erzincan basin. Large permanent ground 
displacements and sand boils were observed after earthquake. Erken and Ansal 
(1998) have accomplished a detailed geotechnical observation contains borings, SPT 
and CPT  to search the effects of local soil conditions and liquefaction potential of 
the layers during Erzincan earthquake. CPT tests were performed in-situ to 
evaluating liquefaction potential of soil strata in Eksisu area, moreover in the same 
site, SPT were done extending down to 39 m. for investigation. Three borings have 
been drilled outside of the faults, according to study, the liquefied area between the 
faults has relatively loose sandy silty soil layers, on the other hand, gravelly 
sand,stiff clay and sandstone are commonly existed  outside of the faults. Aydan et 
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al. (2000a) researched several documents of the past Turkish earthquakes to identify 
the place and degree of liquefaction. By this investigation, a data-base system was 
developed to search the liquefaction characteristics of the earthquakes in Turkey. The 
results show that previously liquefied soil strata were again liquefied during the 
Kocaeli earthquake. Kiku et al. (2001) gave the results of the SPT and soil profiling 
in Adapazarı, where catastrophic hazards occurred during the 1999 earthquake.  
2.2.1  Factors triggering liquefaction 
There are several reasons that cause the soil liquefaction. Essentially speaking, 
although, the soil has granular structure and does not meet the concept of a 
continuum. However, soil has been thought as a continuum for practical purposes, 
such cases as liquefaction, soil does not behave like a continuous material. Due to the 
discretion of sand, liquefaction occurs in sandy soil, whose behavior is ruled by the 
principle of effective stress and by dilatancy. The factors triggering liquefaction in-
situ is listed as below by Day (2002): 
 Duration and Magnitude of Earthquake: The risk of liquefaction increases 
if duration and magnitude of earthquake raise up. 
 Ground Water Table  
 Soil Type: Soils, sensitive to liquefaction, are non-plastic and cohesion- less; 
it is also possible to order from unresisting to resisting against liquefaction : 
clean sands, non-plastic silty sands, non-plastic silts and gravels. 
In cohesive soils, Seed and Idriss(1982) develops three criteria which have to be met 
at same time, to liquefy ; 
Percentage of  particles ,passing  from diameter of 0.005 mm. in weight,  must be 
less than 15 %; Liquid limit of soil must be less than %35 (LL<35) or Moisture 
content of soil must be greater than 90% of liquid limit (w> LL) . 
 Relative Density of Soil: Loose dense soils have more tendency to liquefy 
than dense state soils 
 Size Distribution: Uniformly-graded, non-plastic soils have potential to 
liquefaction 
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 Placing and Sedimentation: Loose-placed, sediment soils has always more 
liquefaction potential than others have. 
 Drainage Conditions:  If drainage is easy or the permeability constant high, 
dissipation of water will quick, so excess  pore water pressure does not occur 
during earthquakes. 
 Confining Pressures: If confining pressure raises up then the sensitivity of 
soil to liquefaction decreases. 
 Particle Shape: Rounded-shape particles compact easier then angular ones, 
so they are suspicious to liquefaction. 
 Aging and Cementation: Newly-sediment soils are more sensitive than aged 
ones. Because  aged soils have been subject to confining pressure and that 
makes them more resistant to liquefaction. Moreover, the aged soils particles 
have boundaries because of the cementation, these boundaries causes 
adhesive forces, which drops liquefaction risk. 
 Load History: Finn et al (1970) and Seed et al (1975) states that previously 
seismic-induced soils are more resistant against liquefaction than newly-
sediment soils. In addition, the increment in OCR and K0 causes more 
liquefaction resistance.  
 Structural Loads: Explaining building loads effect with an example will be 
beneficial; A mat foundation of heavy building ,that is based on soil surface, 
causes  extra shear strength in sub base soil. This extra shear stress could 
make the soils more sensitive against liquefaction because, volumetric 
shrinkage causes a decrease in required earthquake-induced excess shear 
strength. 
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Figure 2.1 : Affected area of Helice after the earthquake of 1861(Marinatos, 1960). 
Furthermore, Ishihara(1996)  states that the mechanism of the liquefaction may  be 
explained by measuring of pore water  pressures and shear strains that are  evolved in 
torsional tests. Robertson and Wride (1997) described the liquefaction as a term to 
define two principally related but different soil behavior because of earthquakes: 
flow liquefaction and cyclic softening. 
2.2.2 Flow liquefaction 
Basically, in loose sandy soils when the pore water pressure equals to total 
overburden stress, the effective stress decrease until zero. This event causes large 
shear strain and much loss of strength in soil so the shear strength of soil becomes 
zero. Residual strength is mentioned here, can be defined as the strength of soils 
under large strain levels. Earthquakes, blasting etc. can trigger flow liquefaction as 
dynamic loads. Furthermore, the loads applied by new building on a slope can starts 
liquefaction statically. Damages caused by flow liquefaction are often described by 
large and rapid earth movements which can brings catastrophic results (NCEER 
Workshop,1997). less than the shear strength for statically equilibrium (Özaydın, 
2007). Also the flow liquefaction is defined as a process, which occurs in a soil with 
low residual strength, the equilibrium is destroyed by static and dynamic loads.  
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Figure 2.2 : Destroyed crane on quay wall at Kobe Port,(Sumer et al, 2007). 
Residual strength is mentioned here, can be defined as the strength of soils under 
large strain levels. Earthquakes, blasting etc. can trigger flow liquefaction as 
dynamic loads. Furthermore, the loads applied by new building on a slope can starts 
liquefaction statically. Damages caused by flow liquefaction are often described by 
large and rapid earth movements which can brings catastrophic results (NCEER 
Workshop,1997). 
 
Figure 2.3 : Flow Liquefaction (Unutmaz,2008). 
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Robertson et al. (1994) explained the circumstances which in flow liquefaction can 
occurs potentially as follows; 
 Softening of deformation in undrained loadings, which causes shear and 
effective stress in soil at ultimate or critical phase 
 Flow liquefaction can be started by static or dynamic loadings. 
 If the shear stress in-situ condition is greater than undrained residual strength 
or equilibrium strength, then flow liquefaction can be occurred.  
 Flow liquefaction can also seen in saturated very loose granular soils or very 
sensitive clays and loose loss.  
2.2.3 Cyclic softening 
In the proceedings of NCEER in 1997, cyclic softening is summarized as below: 
‘‘Cyclic softening is another phenomenon, triggered by cyclic loading, occurring 
insoil deposits with static shear stresses lower than the soil strength. Deformations 
dueto cyclic softening develop incrementally because of static and dynamic stresses 
that exist during an earthquake. Two main engineering terms can be used to define 
the cyclic softening phenomenon, which applies to both strain softening and strain 
hardening materials.” The terms, which are mentioned in definition, are cyclic 
mobility and cyclic liquefaction 
 
Figure 2.4 : Cyclic Liquefaction (Unutmaz,2008). 
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2.2.3.2 Cyclic mobility 
Youd and Idriss (2001), who described the differentiation between liquefaction and 
cyclic mobility. According to them, liquefaction usually exists in loose soils and is 
categorized by large, sharp deformations. In other words, liquefaction could be said 
as the point when the pore pressure equals the initial effective confining stress (ru = 
Δu/σ′ = 1). On the other hand, some cases such as compressed specimens, 
deformation behavior is classified as ‘‘cyclic mobility’’ rather than liquefaction. 
Term of cyclic mobility represents the case when the shear stress, due to static 
loadings, is less than the shear strength of the soil which experience liquefaction. 
Cyclic liquefaction can be occurred in the following cases (Robertson et. al, 1994): 
 Undrained cyclic loading, in which shear stresses are greater than zero(i.e. 
reversal shear stresses do not occur) ,is necessary 
 The effective stresses cannot reach zero 
 Shear stress occurs when the effective stress reaches zero. In addition to this, 
application of shear stress to the soil causes decrease in PWP due to dilation. 
 On the other hand, at large deformation levels, very soft initial stress-strain 
behavior can exists. 
 During cyclic loading, deformations can reach to large values, but then do not 
change if the cyclic loading ends 
If the time and amount of dynamic loading are enough, cyclic liquefaction can exist 
in almost sands, and the reversal stresses do not occur. Cyclic liquefaction is also 
seen such a very dense sandy soil where dynamic loading is not enough for making 
effective stress zero, but reversal shear stress occurs. 
Vaid and Sivathayalan (1996) related cyclic mobility with the changes of the stress 
state in sand through fugacious states of the zero effective stress point. Moreover, 
according to them, the sand can be considered to have liquefied when the strain 
reaches the pre-determined level of strain, no matter which manner strain exists. 
Both flow liquefaction and cyclic mobility are essential for evaluation of liquefaction 
damage. In the site, flow liquefaction occurs less than cyclic mobility but its effects 
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are more hazardous. Cyclic mobility can occur under wider range than flow 
liquefaction, and its hazards type can change in a wide scale such as insignificant to 
high damaging. Kramer (1996) states that flow liquefaction can occur only in loose 
soils, on the other hand, cyclic mobility and level ground liquefaction can occur in 
both loose and dense soil.  
2.2.4 Effects of liquefaction  
Buildings, bridges, infrastructures can be affected by earthquake-induced 
liquefaction. Furthermore, liquefaction can also influence the nature ground motions.  
Large flow slides, sinking or tilting of the heavy structure, floating of light buried 
infrastructures are hazards of the flow liquefaction. Damages of the cyclic mobility 
are slump of slopes, large settlements of buildings, lateral spreading, and retaining 
wall failure.  
2.2.4.1 Change of ground motion    
Soil stiffness can decrease while the excess pore water pressure increases during an 
earthquake. At the beginning of earthquake a soil deposit, which is potentially 
liquefiable, can respond stiffer than at the end of the earthquake. Amplitude and 
frequency content of the surface motion may change considerably during the 
earthquake.  
 
Figure 2.5 : Cyclic Mobility (Unutmaz,2008). 
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2.2.4.2 Change of ground motion    
Soil stiffness can decrease while the excess pore water pressure increases during an 
earthquake. At the beginning of earthquake a soil deposit, which is potentially 
liquefiable, can respond stiffer than at the end of the earthquake. Amplitude and 
frequency content of the surface motion may change considerably during the 
earthquake.  
2.2.4.3 Settlement 
It is well known that sands tend to densify when subjected to earthquake loading. 
The densification of deep layers means settlement of ground surface. Earthquake-
induced settlements generally causes hurt to buildings restrained by shallow 
foundations, failures to usefulness served pile-supported constructions, damages to 
infrastructures such as pipelines buried near soil surface. Dry sand compacts very 
quickly; thus its earthquake-induced settlements ends when earthquake stops Silver 
and Seed (1972) declared the densification of dry sand, subjected to cyclic load, 
related with its relative density, the amplitude of the cyclic shear strain induced in 
sand, and the number of cycles of shear strain applied during earthquake. In contrast, 
the saturated sand layer needs more time to settle according to dry sand. As a result, 
the settlement can occur only when earthquake-induced pore water dissipation. The 
required time for this kind of settlement depends on the permeability and 
compressibility of the soil and length of the drainage path.  
2.2.4.4 Instability 
Another hazard that liquefaction causes is instability. This phenomenon can be 
classified into several failures as following; lateral spreading, retaining wall failures, 
flow slide of slopes, loss of bearing capacity, buoyant rise of buried structures 
(National Research Council, 1985).  When the shear stress, result of the earthquake, 
becomes greater than shear strength of the soil, stability failures exist. The soil has 
deformations until it reaches the shear stress less value than shear strength of soil. 
Deformation failures occur incrementally during the period of earthquake shaking. 
Lateral spreading can be given as example. The deformation failures can generate 
large displacements and significant damage. 
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2.2.5 the Van earthquake in 2011  
The earthquake, occurred on October 23rd 2011, has magnitude Mw 7.2. This disaster 
causes 604 people death, several structural damages and failure. In scope of 
geotechnical approach, liquefaction and lateral spreading were observed, moreover 
slope stability problems existed in the highway between Erciş and Van. 
The geological structure of the region, defined as terrestrial sediments appears to be 
on the loose ground of duplication. Özvan et al (2005) describe soil conditions of 
downtown of Van as loose state and ground water table is near the soil surface.  
The records of main shock obtained from Muradiye station portray that amax is nearly 
0.2 g; and the spectral acceleration value reached about three times of maximum 
ground acceleration at time interval T=0.4-0.5 s (METU, EERC,2011).  
Several slope failures and stability problems are detected in zone. In Figure 2.6, a 
slope is located near Van Lake. In the region located near the River of Karasu, 
especially two villages named as Tevekli and Topaktaş, sand boils, sand cones and 
lateral spreading occurred during the earthquake intensively, are shown in Figure 2.7 
and 2.8 ,respectively. Furthermore the people live in these villages, reported that 
groundwater was jetted 1-2 m. above soil surface. 
 
 
Figure 2.6 : Slope failure near the Lake of Van(METU,EERC, 2011). 
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Figure 2.7 : Liquefaction in Topaktas (METU,EERC, 2011). 
In this part of thesis, the sieve analysis, maximum and minimum void ratio tests, 
Atterberg Limits tests and cyclic triaxial test were performed to the soil brought to 
Istanbul Technical University, Hamdi Peynircioğlu Soil Mechanics Laboratory from 
Van. The test results is given in experimental study section of this thesis. 
 
  
 
                                   (a)                                                                               (b) 
Figure 2.8 : Sand Cone(a) , Lateral Spreading (b) (METU,EERC, 2011). 
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3.  SOIL IMPROVEMENT  
3.1 Introduction 
Improving the engineering properties of soils could be provided by soil improvement 
techniques. Soil improvement may be the oldest but, still the most fascinating 
technique of all execution methods. ''Because of the variable nature of soils and 
techniques, soil improvement is more art than engineering, based on experience, site 
dummy run,  theoretical relationships''(Andrus and Chung,1989). 
In construction of the Babylonian temples, approximately 3000 years ago, the soil 
improvement was already applied. At the same time, in China, people were also 
using wood, bamboo or straw as a soil-reinforcing material (Impe, 1989). Nowadays, 
it would not be exaggeration to say that all over the world soil improvement 
techniques becomes a vital part of the solution of soil and foundation problems. 
There are several types of soil improvement techniques due to soil type, geotechnical 
problems but their targets can be listed as below (Das, 1993): 
 Increasing the shear strength of soils and the bearing capacity of shallow 
foundations 
 Decreasing the shrinkage and swelling behavior of soils 
 Reducing the settlement of structures 
 Increasing the factor of safety for reduce the risk of slope failure of 
embankments etc. 
Tezcan and Özdemir (2004) explained the essential issues that have to be mentioned 
in the selection and execution of the improvement methods as follows: 
 Applicability of the method 
 Effectiveness of the methods  
 The ability to verify the reliability of the mitigation achieved 
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 Overall cost of the implementations 
 Environmentally and regulatory issues 
Impe (1989) basically classified the soil improvement techniques in three categories 
according to aim of usage as follows: 
Temporary soil improvement techniques: determined time to the period of 
construction 
Permanent soil improvement techniques: these are applied to increase the 
engineering properties of natural soil with mechanical techniques 
Permanent soil improvement techniques with the addition of materials 
The vital issue in this classification is the soil layer type, actually it is cohesive or 
not.  
Changing the parameters of soils which satisfies the required strength, permeability 
and settlement condition in construction site can be shown as soil stabilization. 
Another term, can be used for minor change in soil properties, is modification. In 
granular soils, reducing the void ratio and in cohesive soils, mixing soil with 
stabilizer and preloading to reduce settlement can be given as example for 
modification.  
In practice, there are several soil improvement methods according to geotechnical 
problems and soil type. In this section of thesis, widely-used soil improvement 
techniques ,for remediation liquefaction, are mentioned, methods of practical 
application and their effects on soil properties are explained briefly. 
3.2  Soil Improvement Methods Against the Liquefaction 
Traditionally, the main target of remediation of liquefaction-induced hazards has 
been to reduce the 100% growth of excess pore water pressure. Tezcan and Ozdemir 
(2004) listed the remedial treatments methods as soil densification, soil replacement, 
lowering the ground water table, dissipation of excess pore water pressure, soil 
solidification. Figure 3.1 shows the flow diagram of the liquefaction mitigation. 
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3.2.1 Soil densification methods (compaction) 
Densification of soil is the most fundamental type of liquefaction-induced hazard 
remediation method. Its principle is to increase the resistance against liquefaction by 
decreasing the void ratio of the soils and changing stress state. Dense sand does not 
deform so easily as loose sand since dense sand does not develop high excess pore 
water pressure as loose sand does. Furthermore, densification methods can effects the 
original soil with compaction in different characteristics (JGS,1998) such as 
compaction by penetration, compaction by vibration, compaction by impact energy. 
 
Figure 3.1 : Planning mitigation against liquefaction (Tezcan and Özdemir, 2004). 
All these characteristics of compaction aim to reduce the initial void ratio of original 
soil. The benefit of densification methods can be shown with an example given in 
Figure 3.2, after Kobe earthquake (1995), red-colored areas were liquefied in Port 
Island, but in other fields, liquefaction did not exist because of application of soil 
densification method.   
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In practice; sand compaction pile method, vibroflotation method, dynamic 
compaction and vibratory tamper method are applied to areas which are susceptible 
to liquefy. 
3.2.1.1 Sand compaction method 
One of the most used methods in application of soil densification is installing of 
columns of dense sand to loose soil as Figure 3.3 illustrates. Initially, a soil, that is 
loose, is made denser by either pushing extra volume of sand columns into loose 
subsoil or relating vibration. 
 
Figure 3.2 : Liquefied sites in Port Island (JGS, 1996). 
 As a result, the sand  in initial condition, is pushed outward in the lateral direction 
upon installation of sand columns. Matching with a suitably comprehensive 
previously-treated confirmation program to check required mitigation has been 
achieved, is essential point of this method. Sand compaction methods provides four 
following advantages in thick, loose sandy layer (JGS,2004); 
1. Decrease in void ratio of original soil (Increase of relative density) 
2. Raise in shear strength of sol and horizontal resistance by compaction 
3. Change in the earth pressure condition by sand piles 
4. Provide uniformity of sandy soil by compaction 
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Hansbo (1993) defined the geometry and grids of installation of sand drains in 
construction side. Historically, at the beginning of the application, the drain diameter 
was large relatively, 0.4-0.6 m. Development of the technique brought smaller 
diameters. For instance, in ‘sand wick’ application 0.05 m. in diameter and in 
‘fabridrains’ application that the sand is packed into a synthetic fiber net-type tube, 
avoids  narrowing  of drain diameter.  
 
 
Figure 3.3 : Loose sandy ground compacted by sand columns (JGS, 1996). 
3.2.1.2 Vibroflotation method 
Vibroflotation method is suitable for compacting loose clean sand deposits that are 
above or below GWTL. It tends to reinforce the soil layer and keep from liquefaction 
by producing horizontal vibration and water compact effect. The apparatus of this 
method is a cylindrical probe that has an eccentric weight can rotate about the 
vertical axis and transfers horizontal vibration to the probe. In the Niigata earthquake 
of June, 1964, particular, there is no failure in structures on ground improved by 
vibroflotation method. Moreover, because of factors such as the permeability of soil, 
compaction time and energy, existence of cohesion influence improvement. Hence, 
the technique is commonly proper for coarse-grained sandy soils in practice. To 
summarize, vibroflotation is famous for its usefulness as a countermeasure against 
sand liquefaction that has been tested in practice in a full scale field test (JGS, 2004). 
Properties of probe used during application of the method, can be given as, it has 15-
40 kN weight, 30-50 cm. diameter and 2-5 m. length (Sondermann and Wehr,1993) 
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Sondermann and Wehr (1993) explained a technique to put in the vibrator into the 
soil deposit easily; after vibrator is lifted, temporarily stable cylindrical cavity is 
filled with coarse material as gravel or block, and then this coarse material is 
compacted by repetitive use of the vibrator. Moreover, they said that the 
vibroflotation method is not applicable in nearly liquid state soil with low undrained 
cohesion because of not providing lateral support. According to them, with this 
method, soil in 25 m. can be improved successfully.  
3.2.1.3 Dynamic compaction 
Dynamic compaction is also a kind of soil densification methods, which is performed 
by applying dynamic impacts and vibration to the surface of the soil layer by 
repetition of dropping of a heavy tamper which is lifted by mobile crane. JGS(2004) 
defined that free descending of a weight of approximately 10-55 ton forces from a 
height of 20-30 m. transmits an impact force in a wide range such as from hundreds 
ton forces to thousands ton forces to the soil layer, which is sent deep into the 
ground. This impact force is applied repeatedly 10-50 times in one position. 
Dropping of the heavy tamper into the ground surface repeatedly is named as 
‘tamping technique’ in literature. This method can be used for compacting saturated 
soils that are classified as silty or clayey sand and/or gravels. The increment of 
fineness content causes the decrease of the improvement. While partially saturated 
clays above ground water table level can be improved by this method, there can be 
no improvement for fully saturated clays (Bowles, 1997). The schematically drawing 
of the dynamic compaction method is shown in Figure 3.4. 
3.2.1.4 Vibratory tamper method 
This method is applied for the shallow soil layer, which is depth at 5-6 m from the 
ground surface. In practice, vibratory tamper method is applied to the surface layer 
together with the sand compaction to improve. The main issues in designing of this 
method are the number of applications and the time for compaction by the 
relationship between the increase of density and vibrating energy transmitted to the 
ground (JGS, 2004). 
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3.2.2 Soil replacement methods 
The principle of soil replacement method is replacing soil with materials that are not 
susceptible to liquefaction. Day (2002) defined two kinds of soil replacement 
methods; (a) grazing and replacing (b) replacement. In practice, the first type is 
widely-used. Comparing with other methods, soil replacement methods has 
difference that is changing the engineering properties of the original soil (e.g. 
permeability, density, void ratio)(Tezcan and Ozdemir ,2004). 
When this method is applied to the ground, after application, these three essential 
check have to be followed up ; geotechnical investigations are related before the 
application, quality of water is tested before/during/after the application, check 
borings. 
 
 
Figure 3.4 : Dynamic Compaction Method (Gunaratme, 2006). 
The properties of material, which is replaced for increasing liquefaction of the 
original soil, is measured by experimental study in laboratory. For instance, if a 
gravel is used as the replacement material, then sieve analysis must be performed to 
obtain grain size distribution for evaluating liquefaction mitigation of it. After 
finishing of application of the method, check borings, grain size analyses and SPT 
are performed to estimate the improvement success.  
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Impe (1989) listed of the soil replacement method steps, respectively. It starts with 
excavation of original soil or dredging it, and then the soils, which are excavated and 
replaced, are transported and finally, the replaced material is squeezed by heavy 
weight. According to him, one of the most important point that has to be considered 
before the replacement is usage of light weight material soil, that means the replacing 
soil has, at least, same unit weight of the original soil, even preferably it should has 
smaller unit weight. 
3.2.3 Lowering groundwater table 
Groundwater table is the surface of the groundwater. In geotechnical applications, 
groundwater affects the project and causes hazards. In similar way, most failures 
types in earthquake can be related with groundwater. Saturation, seepage pressures, 
uplift force and liquefaction causes loss of shear resistance of soil. Avoiding these 
hazardous effects of groundwater, lowering the groundwater table is not only 
beneficial but only economic methods. Besides, Japanese Geotechnical Society 
(2004) listed the factors of improving effects of lowering groundwater table as 
following; the soil layer, which is risky to liquefy, will be located above the lowered 
GWTL so it will become unsaturated which means it has low risk to liquefy. On the 
other hand, the thickness of the liquefiable layer is a limitation to apply this method; 
furthermore this method can change behavior of soils under seismic loads. In 
addition to this, there are essential investigations that have to be done to apply this 
method, JGS(2004) mentioned these investigations as follow; 
1. Estimation of the risk of liquefaction of observed fields. 
2. Evaluation of the decrease of susceptibility by lowering 
3. Selection of dewatering methods  
4. Comparison with other methods 
Mainly, lowering groundwater table is applied by two ways: deep wells and drainage 
trenches.  
3.2.3.1 Deep wells 
The deep well process aims at stabilizing the soil by transferring the pore water in the 
sand layers through lowering the groundwater table. Deep well method is recognized 
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as a cost effective and efficient way for medium to long term dewatering of larger 
projects where excavation is greater than 4 meters. If groundwater table is kept 
lowered than the settlement related with it and liquefaction risk are decreased or 
prevented. Deep wells are usually applied temporary works such as large scale 
excavations or protection of the cutting face in tunnel excavation. According to 
JGS(2004) the main points, that have to be considered, are ordered as following; 
1.The number and diameter of deep wells 
2. Selection of screens 
3. Selection of filter materials 
4. Selection of pumps. Deep well method is illustrated in Figure 3.5 
 
 
Figure 3.5 : Deep Well Method (Charlton and Itle, N.D). 
3.2.3.2 Drainage trenches 
Another lowering groundwater table method to reduce the possibility of liquefaction 
is drainage trench that method includes using culverts and channels, which will 
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decrease the initial groundwater table to a depth such that no liquefaction exists. By 
this method, groundwater level is not only lowered during earthquakes but also 
permanent, so that damage to the buildings will be prevented. Besides, it can be used 
to control seepage in which case the top soil layer is thin and the pervious foundation 
is shallow so that the trench substantially perforates the aquifer.  
The main idea in this method is to decrease the liquefaction failure by increasing the 
thickness of the dry soil layer above the groundwater table. Hence, an embankment 
fill, together with diminishing the groundwater table through channels will increase 
the effect. On the soil surface, the trenches must be located deeper than initial GWT. 
Finally, the drainage water discharge system such as pumps will be required at the 
flow end. But, in permeable soils as gravel or sand, it is necessary to control the 
water influx to some level, otherwise maintaining the GWTL lowered by the 
drainage trench is probably difficult. Drainage trench is shown in Figure 3.6 (a) and 
(b) 
  
 
Figure 3.6 : (a) Drainage Trench (b)  Lowering of groundwater table by trench    
(Licensed Newyork Home Inspectors, N.D). 
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3.2.4 Dissipation of excess pore water pressure 
This method provides prevention of liquefaction by applying drains with different 
materials as gravel or other artificial soils in sand layer that has risk to liquefy, to 
dissipate PWP induced by earthquakes. Because of being low-noisy and low-
vibrating, it can be commonly preferred in urban areas. 
This method can be separated into two groups according to the material of drain; 
gravel and artificial drain. Briefly, columns of gravels are located in holes that are 
drilled in liquefiable soil. Since the gravel drain application does not induce lateral 
displacement of original soil, moreover compaction of initial soil and damage in 
foundation do not occur. The main purpose of gravel drain columns is the rapid 
dissipation of excess pore water pressure by shortening the path of drainage from 
vertical one toward the ground surface to a horizontal one to nearby gravel columns, 
hence avoiding the increment of excess PWP less than 100% during earthquake 
shaking. In 1993, Kushiro Harbor with gravel drain columns deflected a large 
distortion, however minor settlement approximately 10 cm. or so exist as shown in 
Figure 3.7. 
 
Figure 3.7 : Subsidence of ground with gravel drains (Kushiro Harbor,1993). 
The artificial drain method can be defined as usage of long, slender pipes made of 
synthetic materials as drains.  
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3.2.5 Soil solidification methods 
Mainly, soil solidification method based on adding chemical stabilizer to soil to 
increase the liquefaction resistance of soil. These methods can be considered 
applicable for all kind of soils, from fine-grained to coarse-grained, except for 
injection.  
On the other hand, soil solidification methods are a chemical mixing treatment, 
Tezcan and Ozdemir (2004) emphasized essential points during application of soil 
solidification as follow:  
Small development in strength is observed in organic soils 
Homogenous solidification cannot be satisfied 
Groundwater can be polluted because of the stabilizer 
The solidification methods can be categorized in two groups as follow; mixing, and 
grouting (Tezcan and Ozdemir, 2004). In this part of the thesis, these methods will be 
explained.  
3.2.5.1 Mixing methods 
Mixing can also be subdivided into three groups such as deep, surface and 
premixing. Deep mixing can be considered grouting which is carried out by mixing 
soil with a cement-like material both by jetting or mechanical mixing. This method 
prevents liquefaction by stirring and mixing chemical stabilizer in the ground for 
solidification. For instance, deep jet mixing mixes cement powder with soil, and 
ground water is used to start to solidify but it is clear that this is not useful in dry soil. 
In contrast, cement deep mixing mixes cement slurry (water/cement ratio = 0.8/1.2). 
In similar way, this method may not be good in such soil of very high water content, 
because of softening effect of the additional water slurry. Figure 3.8 indicates an 
example of mechanical deep mixing. 
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Figure 3.8 : Deep mixing of liquefiable sand for reinforcement of river dike 
Surface mixing tends to prevent liquefaction in surface and shallow depths so that it 
should be used together with other improvement methods. If it is used as main 
improvement techniques then it has to be applied for light construction. In the 
premixing method, which is developed for land reclamation, a small amount of 
admixture for stabilizing is mixed with the earth fill before dumping it into the sea in 
order to improve the liquefaction facilities of reclaimed soil.  
3.2.5.2 Grouting  
Grouting consists of forcing a material under pressure, so as to fill joints and voids in 
rock, soil and similar materials. It can also change soil through the filling of voids or 
solidification into denser state.  
The main component of a grout process may be cementitious material, a liquid or 
solid chemical containing hot bitumen, or other one of the different resins (Warner, 
2004). Generally, usage of two or more components is preferred; these grout 
materials can have nearly any consistency, ranging from a true fluid to a very stiff 
state.  
The reason why usage of grouting becomes a widespread improvement technique is 
its ability of connection cracks, voids, fissures, pore space which is generally 
unknown size, volume and configuration by filling. Moreover, predominantly, 
grouting provides strengthening or curbing the flow of water through soil deposits. 
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While deciding the suitable grouting materials and technique, it is exactly vital to 
perform a preliminary test injection and the information that gained from this 
procedure has to be compared with the result of geotechnical investigation which is 
done before. Boring possibilities in the soil, the stratigraphy and non-homogeneities, 
permeability of the soil should be checked and evaluated (Impe, 1989). 
Kutzner (1996) defined some phenomena that have to be considered in investigation 
of grouting techniques. These are;                         
 The flow and hardening behavior of the grouting materials 
 The pressure for grouting 
 Effective radius  
 Grouting time  
 The construction site  
Grouting has started and developed in practice first, not in theory. Apparently, 
fulfilling voids increase the engineering properties of grouted soil or make it stiffer 
and tighter than its initial state that means strengthen soil layers, either temporarily 
during construction or permanently for increased strength and load-bearing capacity. 
According to Warner (2004), solidification, cohesion increase, reinforcement and 
chemical stabilization are the mechanisms for achieve of increasing strength and 
bearing capacity.  
Solidification of soil deposits can be provided by compaction grouting. This method 
injects the grouting material into the soil layer without mixing, but it makes a distinct 
interface in layer. In 1980, ASCE defined solidification as compaction grouting in 
following; ‘‘…Compaction grout- grout injection with less than one inch(25 mm) 
slump. Normally a soil-cement with sufficient silt sizes to provide plasticity together 
with sufficient size s  to develop internal friction . This grouting technique is usually 
considered as improvement method in soils of new construction fields, especially for 
remediation of the liquefaction potential during strong ground motions such as 
earthquakes. The schematic drawn of compaction grouting is shown in Figure 3.9. 
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Figure 3.9 : Soil Densification by Compaction Grouting (Andrus and Chung, 1995). 
The grout generally does not enter soil pores but remains in a homogenous mass that 
gives controlled displacement to compact loose soils, gives controlled displacement 
for lifting of structures, or both.’’ In practice, it is recommended that the grid of the 
holes should be designed 1.2-3.6 m. range which is depending on the required depth 
to improve (Warner, 2004). An example belongs to compaction grouting hole 
location plan view, which is in Pinopolis West Dam, is presented in Figure 3.10 
Increasing of the soil cohesion with grouting by filling pores in soils with chemical 
or cement provides advantages to engineers in design process. In practice or theory, 
filling the pores and cracks in soil with an admixture is defined as permeation 
grouting. Permeation grouting does not only increase of the bounding ability of soil 
particles and cohesion but also makes soil gained unit weight.  
According to Warner (2004) there are two main purposes why permeation grouting is 
commonly used in practice, first one is strengthening of soil and second one is 
blocking of the flow water. It has been successfully applied to control ground water 
flow, stabilize excavations in soft soil deposits, underpin existing foundations and 
mitigate the hazard of earthquake-induced settlement and liquefaction. Figure 3.11 
presents the conceptual diagram of permeation grouting.  
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Figure 3.10 : Compaction Grout Column (Baez and Henry, 1993). (1 ft = 0.3 m). 
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Figure 3.11 : Diagram of permeation grouting (Andrus and Chung, 1995). 
Andrus and Chung (1995) listed the factors that affect on success of permeation 
grouting as ; type of soil permeated, earth pressure, ground water conditions, grout 
mixture, grout injection pressure, rate and volume, grout hole spacing, injection 
sequence.  
The analyses and comparison of cost of permeation grouting is essential part of the 
grouting projects. According to Welsh(1992) the cost to mobilize and demobilize 
permeation grouting apparatus change within limits from $15,000 and $25,000 per 
carriage for projects using micro-cement grout, and over $25,000 per carriage for 
projects using sodium silicate grout. The cost of injection push and grout materials 
start at approximately $130 per cubic meter of improved soil for micro-fine cement 
grout, and $200 per cubic meter of improved soil for sodium silicate grout. In Figure 
3.12 presents the in-situ application of permeation grouting.  
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Figure 3.12 : Permeation Grouting under Spread Footings (Graf and Zacher,1979). 
There are several case studies, where permeation grouting method was applied to 
improve loose soils for mitigating liquefaction potential, can be given as example. In 
Table 3.1, some studies and its results are summarized.  
Jet grouting is mostly used grouting method in the geotechnical soil improvement 
applications. It involves the mixing of in-situ soils with a cementitious suspension 
grout so as to produce new, relatively homogenous, mixed masses. In jet grouting, 
high pressure fluid jets are used to erode, mix and replace soil with grout, 
respectively. This method have originally been applied in Japan, the UK and Italy 
(Kutzner,1996). Although common idea is jet grouting can be applied to any kind of 
soil, it is more suitable in coarse-grained soils such as clean sand and gravels. In 
granular layers, degradation consequence is higher than in fine-grained soil so that 
grouting provides larger fields to be improved in this kind of soils. Furthermore, 
mixing grouting material and soil is more successful in coarse soil than in fine soils. 
Also, energy consumption for jet grouting in clay is greater than granular soils 
(Warner, 2004).Another issue that has to be considered, is groundwater conditions 
VERTICAL SECTION 
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Table 3.1 : Case Studies of Remediation for Seismic-Induced Settlement and 
Liquefaction by Permeation Grouting ( Andrus and Chung, 1995). 
          
Site 
Site   
Characteristics 
Reasons for 
Method 
Selection 
Construction       
Program 
Performance 
Riverside 
Avenue bridge 
Santa Cruz, CA 
(Mitchell and 
Wentz, 1991) 
Loose to medium 
dense gravity 
sand. River level 
at high tide 2.7 m 
above bottom of 
concrete slab-
apron 
Treatment 
beneath 
existing 
concrete 
noise pier 
and slab-
apron; 
limited 
working 
space 
Grout composed of 
sodium silicate N 
grade, MC 500 
micro-fine cement, 
and less than 0.1 % 
by volume of 
phosphoric acid to 
control set time 
No settlement or 
detrimental 
ground movement 
reported after 
1989 Loma Prieta 
earthquake         
amax = 0.45 g 
Roosevelt 
Junior High 
School, San 
Francisco, CA 
(Graf and 
Zacher, 1979; 
Graf, 1992a) 
Loose to medium 
dense silty sand 
and sand 
extending to 
depth of 4.6 m. 
N-values ranged 
from 3 to 15 
before grouting 
Existing 
structure and 
limited 
working 
space. 
Sodium silicate 
based grout used. 
Stage down 
grouting in 0.3 m. 
intervals 
Unconfined 
compressive 
strentgh ranged 
from 269 kPa to 
879 kPa. No 
settlement 
reported after 
1989 Loma Prieta 
earthquake;             
amax = 0.15 g 
Concrete 
structure 
remodeled into 
supermarket, 
San Francisco, 
CA (Graf,1992a) 
Loose clean Sand Existing 
Building 
Sodium silicate 
based grout with 
an inorganic 
reactant for areas 
requiring low 
strentgh, and an 
organic reactant for 
areas requiring 
higher strentgh . 
Unconfined 
compressive 
strentgh above 
the specified 
minimum. No 
settlement 
reported after 
1989 Loma Prieta 
earthquake;             
amax = 0.15 g 
     
     
Sometimes seepage causes grout to be leached out, or chemical solutions in 
groundwater can be hazardous for grout columns. In Figure 3.13, the procedure for 
jet grouting is presented. 
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Figure 3.13 : Procedure for jet grouting (Ichihashi et al., 1992). 
3.2.6 Fiber and biotechnical reinforcement 
The principle of soil improvement with fiber can be define as a soil layer or mass 
which includes randomly distributed, discrete components, i.e. fibers, that supply an 
improvement in the engineering properties and mechanical behavior of the soil 
matrix. The behavior of soil that reinforced by fiber, is similar with a composite 
material in which fibers of relatively high tensile strength are planted in a soil mass   
(Hejazi et al., 2011). Mainly, usage of fiber in soil for reinforcement imitates the 
behavior of plant roots and helps to the stability of soil mass by adding strength to 
the soils at shallow depth where the effective stress is low (Wu et al 1988). 
Reinforcing the soil by biotechnical methods is also beneficial way. Basically, it 
involves the usage of live plants or trees to stabilize slopes against erosion and 
shallow mass movements (Gunaratme, 2006). Besides, bacteria and fungi are being 
used in soil stabilization especially at mitigating hazards of pollutant in soil and 
water (Karol,2003).   
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4.  REVIEW OF LITERATURE 
4.1  Introduction 
In this part of the thesis, the dynamic properties of sand are explained briefly. 
Furthermore, previous studies about randomly distributed fiber reinforced sand are 
presented. The relationships between amount of fiber included, sample preparation 
methods, test methods are explained. 
4.2 Dynamic Properties of Sand 
In order to predict and evaluate the behavior of structures and soils in earthquake 
zones as shown in Figure 4.1 schematically, dynamic properties of soils should be 
defined and determined. Besides, fully-saturated cohesionless soils have to be 
investigated to understand its response under quake loads. Dynamic properties of 
soil, stiffness, damping and density not only govern wave propagation but also the 
behavior of soil under cyclic loading. Moreover, the rate of loading, frequency and 
number of cycle of loading are essential parameters.  
 
Figure 4.1 : Stress conditions of soil-structure system before and during 
seismic excitation (Unutmaz,2008). 
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The main purpose of observing soil behavior under cyclic loading is to determine big 
deformations which cause failure, loss in strength of soil during or after earthquakes. 
It is obviously clear that, in fine-grained and in coarse-grained soils, there are 
differences in deformations, loss in bearing capacity and strength because of 
earthquake. Boulanger and Idriss (2004) categorize soil behavior under dynamic 
loading in two groups such as sand-like and clay-like. In addition to this, the 
behavior of soil under cyclic loads in low plasticity silts and clays is explained as 
more complicated by authors. Sand-like term denotes the behavior of coarse soils as 
gravel and sand, also the failure due to cyclic loading in coarse soils is defined as 
liquefaction. Ishihara (1996)  observed soil liquefaction under cycling loading with 
triaxial cyclic test; first of all the pore water pressure increases continuously until it 
is approximately equal to the initially applied confining pressure, thereby creating an 
axial strain of about 5% in double amplitude. This state can be considered as initial 
or simply liquefaction. 
In loose sands, softening starts with initial liquefaction, in which great deformation is 
occurred because of rapid loss of strength during or instantly following the 100 % 
pore water pressure increase. On the other hand, in medium and dense sand, 
softening is also observed with 100% pore water pressure build up and 5% double-
amplitude axial strain; but the deformation is not as large as and the loss of strength 
is not as rapid as in loose sand.  
Ishihara (1996) emphasize the result of the many researchers’ studies results such as 
Yoshimi (1977), Seed (1979) and Finn (1981) for reconstituted clean sand. It is 
explained that these researchers have comprehensive laboratory studies and these 
studies commonly associate the cyclic behavior or liquefaction resistance of clean 
reconstituted sand with factors such as initial confining pressure, relative density, and 
initial void ratio.  
The developments in soil dynamics target to obtain elastic characteristics in small 
strain range less than 10-4 and greater than 10-6. In this range, the deformations 
occurred in the soils are barely elastic and retrievable, and the phenomena related 
with these level of strains could be vibration and wave propagation ( Ishıhara,1996).  
Furthermore, observing dynamic properties of soil in such a small strain level is 
beneficial in situ measurements because of demanding too much energy for 
simulating vibration. If the dynamic properties of soil are required in large strain 
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level such as 10-2 in field, the energy which has to be applied in soil layers, increase 
rapidly. It is also available to gain dynamic properties of soil by performing 
laboratory test such as resonant column, torsional cyclic shear test and cyclic simple 
shear test in small strain level mentioned above. In resonant column test, forced 
vibrations are applied to the sample and the frequency is tuned until the resonance 
occurs. Cyclic triaxial test is generally used for determining of cyclic strength and 
Young’s Modulus. The whole dynamic parameters of soil can be calculated by 
evaluating stress-strain relationships and hysteresis loop. In Figure 4.2 below, a 
hysteresis loop which is obtained from a cyclic triaxial test. By using this loop the 
Young’s Modulus is calculated as: 
                                                               
d
E




                                             (4.1) 
Where d is the dynamic deviatory stress and is the axial strain. Furthermore, the 
first dynamic property of soil is Shear Modulus can be calculated with following 
equation; 
                                                               
2(1 )
E
G


                                           (4.2) 
Where is the Poisson’s ratio. Finally, the other dynamic property of soil is damping 
ratio ,which is denoted by D, is determined as (Das, 1993);In literature, several 
researchers have performed cyclic triaxial, resonant column tests to develop a 
numerical model for soils. 
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Figure 4.2 : Determination of damping ratio from cyclic triaxial test (Das, 
1993). 
Boulanger and Idriss (2004) mention the points have to be cared while determining 
the cyclic behavior of sand as follows; 
The stress-strain behavior of sand is mainly related with relative density (Dr) and 
confining pressure.  
While the effective stress is increasing in sandy soil, relative density does not change 
so much thus, the compressibility of sand is small. 
In sandy soils, there is no relationship between the history of effective stress and 
relative density (or void ratio). 
Another issue that has to be explained in sandy soils is maximum modulus, which is 
denoted by Emax , is tangent to the stress-strain curve at the origin. The typical stress-
strain diagram, which represents to the triaxial test and the definition of Young’s 
Modulus from the diagram ,in Figure 4.3 is given below(Sawicki and Swidzinski, 
1998).  
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Figure 4.3 : Definition of Young’s Modulus ( Tatsuoka et. al., 1994). 
4.3 Static Behavior of Sand 
Sand owns some complexities in its behavior because of its particulate nature and 
mode of deposition. Fine grained soil such as clay can be considered that all parts of 
the sediment have a unique initial point, due to its starting form of slurry and its 
current state effects from consolidation and swelling stages. But this assumption is 
not sensible for sands because of its alluviation at different rates, effecting in a range 
of initial densities that determine resultant behavior.  
Pestana (1994) observed the compression behavior of two samples belong to Ticino 
sand; first specimen’s initial void ratio equals to e0 = 0.6, the looser one has void 
ratio with e0 = 0.8.  Both of them are compressed one dimensionally, and follow the 
normal compression line (NCL) that move towards a unique virgin compression lines 
(VCL).  Figure 4.4 shows the behavior of sand ,which has different void ratios 
mentioned above, under different effective stress. For loose Ticino sand, the VCL is 
accomplished only at σv
’= 10 MPa, on the other hand, for the denser sample, higher 
vertical stress required because of more contact points compared to loose sand. As a 
result, the stress levels and initial void ratio influence the behavior of sand under 
static loads.  
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Figure 4.4 : One dimensional behavior of Ticino Sand (Pestana,1994). 
Under shear forces, the sand behavior is also influenced by its initial density. 
Kuwano (1998) performed several triaxial undrained extension and compression tests 
on loose Ham River Sand and dense Dunkirk sand.  In loose sand, for all OCRs the 
stress paths deflect to the left, furthermore this deflection causes positive pore 
pressure. If loading is continued, this compression tendency decreases and dilation 
occurs so negative pore water pressure builds up and stress path bended into the 
right.  In dense sand, a similar contraction tendency occurs and dilatancy follows it.  
To conclude, dense sands seek to dilate on shearing, whereas loose sands attempt to 
compress. Nevertheless, loose sands may turn back to a disposition to dilate when 
failure is approached. The tendency to dilate also depends on mean effective stress. 
At low stress levels there is a greater tendency to dilate, whereas at very high stress 
levels even dense sands compress. Another issue, which has to be mentioned, is 
volume change in undrained condition. If a fully saturated soil is sheared undrained, 
the volume change is subdued. However, the volume change tendencies are still there 
and thus negative shear caused PWP are generated in dilatancy and positive shear 
induced PWP occur during the compressive phase.  
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Another study ,that explain stress-strain relation of sand under static load, is 
presented by Ishihara (1996). In Figure 4.5 below, the stress-strain relation of 
saturated sand specimens which are sheared undrained. In dense sand, the strain 
hardening behavior is observed and the shear stress raises up along with the shear 
strain. At this stage, dilation starts in dense sand. The strain softening behavior is 
observed in the specimen with a decrease of shear stress followed by large strains. 
This behavior is named as flow type.  
 
Figure 4.5 : Undrained sand based on contractiveness and dilativenes 
(Ishihara, 1996). 
4.4 Static Triaxial Tests on Fiber-Reinforced Sand 
Experimental research conducted fiber-reinforced soils has demonstrated that 
addition of discrete fibers improves the mechanical behavior and engineering 
properties of granular soils, if used carefully, fibers can decrease lateral earth 
pressures effecting on retaining structures, assist repair of unstable slopes, increase  
the ultimate bearing capacity of shallow foundation(Diambra et al., 2009). Also, 
mixing loose clean sand with randomly distributed elastic fibers has been helpful to 
geotechnical engineers in reducing the possibility of liquefaction under monotonic 
loading (Diambra et al., 2009).  
Lirer et al. (2011) performed a number of triaxial drained tests on three type of sands 
as follows; a uniformly-graded sand (Osorio Sand), a clayey sand (Botucatu Residual 
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Soil) and sandy gravel. In all specimens, soil-fiber mixtures were prepared by hand 
mixing dry soil, water and fibers. The fibers were mixed with soil increasingly 
because of obtaining uniform distribution of them. The fiber content by weight was 
determined as; 
																																																		w୤ 	= 100
W୤
Wୱ
																																																								(૝. ૚)						 
Where; Wf was the weight of fiber that included, Ws was dry soil that used.  
Monofilament polypropylene fiber used in this research. Uniform and clayey sand 
specimen was prepared and tested 100x200 mm in dimension. The sandy gravel was 
tested using 200x400 mm samples. The authors found important results; first of all 
the strength of the reinforced material is greater than the strength of natural soil, even 
for very small fiber contents and coarse grading. Furthermore, they related the 
friction angle of soil with some parameters such as fiber content, aspect ratio (which 
is defined as the ratio of fiber length and diameter), the fiber tensile strength, and the 
effective confining stress by writing a mathematical equation.  
Sadek et al. (2010) used two types of sand (Ottawa and BGL) and three type of fiber 
with different parameters and aspect ratios to obtain fiber-sand composite for 
conducting a series of direct shear test to decide the effect of various parameters on 
the shear strength. The initial void ratios of sand were 0.6 and 0.71 respectively, 
which match to a relative density of about 55 % were used for natural and 
unreinforced samples. In this study, fiber content, which was determined by volume, 
was ranged from 0 to 1.5 %. The normal stresses that applied to the specimen were 
100,150,200 kPa respectively to find out the effect of each parameter. The results of 
the direct shear tests on fine-graded Ottawa Sand portrays that stress-strain curves 
obtained from unreinforced and fiber-included specimen were similar while an 
increase in the slope at small strains occurred. On the other hand, in coarse-graded 
sand, including fiber make sand have grater shear strength and more ductile. Also, 
results of the experiments on the coarse BGL and fine Ottawa sand pointed that the 
dimensions of sand particles and diameters of fibers affect the shear strength of soil 
matrix importantly. Reinforcing with fibers effect in fines significant for less fiber 
contents, increment of strength in coarse sand reinforced with large fiber content was 
greater. For the fiber content of 1.5 % by weight, maximum increment in shear 
strength was 17% but then, the maximum shear strength gain was 37% for coarse 
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sand that reinforced with 1% fibers by weight. In comparison, an increase in the fiber 
aspect ratio gains the strength of small fiber content mixtures more than in high fiber 
content mixtures. One of the most important results of this research is the maximum 
shear strength value increased with the increasing fiber content, and also an increase 
of the friction angle of soil-fiber mixture. In Figure 4.6, the improvement-fiber 
content relation was summarized.  
 
Figure 4.6 : Extend of improvement in shear strength of fiber reinforced 
Ottawa Sand and BGL sand (Sadek et.al,2010). 
Consoli et al (2009) performed drained standard triaxial test on Osorio Sand which is 
artificially cemented, also reinforced with polypropylene fibers. The sand firstly is 
mixed with cement in dry state at different contents varying from 0% to 10% by 
weight of dry sand; also these mixtures are cured for 7 days. The length and diameter 
of fibers that used in this research are 24 mm and 0.023 mm, respectively and 
contents of fiber inclusion varying from 0% to 0.5% by weight of dry sand-cement 
composite. The specimens were prepared by hand- mixing dry sand, cement, water 
and polypropylene fibers. Triaxial tests are performed on specimen with 100x50 mm. 
and relative density is 70% .the static drained triaxial tests were accomplished under 
saturation at effective confining pressures of 20,60 and 100 kPa. Skempton’s B 
values has reached 0.98 under back pressure of up to 500 kPa and the strain rate of 
the tests 0.015% per min. for providing exactly full drainage. Results of tests on 
specimens that confined by 20 kPa are presented in Figure 4.7  
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Figure 4.7 : Deviator stress-axial strain-volumetric strain triaxial response 
(confining pressure of 20 kPa) of sand and fiber-reinforced -
%0.5 fiber and different cement contents: (a) uncemented (b) 
1%cement  content (c) 4% cement content. 
The peak strength parameters for non-reinforced and fiber-reinforced cemented or 
uncemented sand are shown in Table 4.1 belo 
Table 4.1 : Peak strength parameters for non-reinforced and fiber reinforced 
cemented sand (Consoli et. al, 2009). 
 
To summarize, benefits of the fiber inclusion, which are find from this study, can be 
listed as following: 
Reinforcing with fibers makes specimens ductile  
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As in shown in Table 4.1, fiber inclusion changes peak friction angles from 
approximately 36.5° for uncemented non-reinforced sand to 48.5°, also it gains 
cohesion to sands related with cement content. For example, the specimen, which 
contains 1% cement by weight, has zero cohesion before fiber reinforcement but 
then, its cohesion raises up to 14.5 kPa. 
Similar laboratory study with Consoli is done by Park (2010) with lightly cemented 
and fiber reinforced soils. A series of unconfined tests were performed on this soil. 
Cement and fiber were added into soil by different percentages as 2, 4, 6% and 0, 
0.3, 0.6 and 1% respectively. The type of fiber used in this research was polyvinyl 
alcohol due to its ability of clinging well to cement. In Figure 4.8, some of the 
specimens reinforced with cement and fibers, especially effects of fiber inclusion on 
peak shear strength and axial deformation was mentioned. 
As a result, this study shows that the fiber-reinforced 2% cemented by weight sand 
has 3.5 times greater peak strength than non-fiber-reinforced sand. Moreover, in 6% 
cement treated sand, fiber reinforcement effected on axial strain at peak strength. If 
fiber ratio increases then the axial strength increases up to 5%. One of the interesting 
studies on fiber reinforcement was developed by Babu et al (2007). In scope of this 
research, coir, which is a kind of biologically perishable and non-hazardous for 
environment, was used. Originally, it is rejected part of coconut fruits and contains 
substances such as  mainly lignin, tannin, cellulose which can solute easily in water 
so it retains much of its tensile strength when its wet (Hejazi et al., 2011). 
Furthermore it is commonly applied for solution of problems such as short term 
stability. Coir and dry sand which, has diameter finer than 425 m, are mixed 
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(a) 
 
(b) 
Figure 4.8 :  (a) UC results of 2% cemented samples reinforced with 
different fiber ratios. (b) UC results of 4% cemented with 
different fiber ratios (Park,2010). 
and subjected to triaxial tests. The coir has dimensions as 15 mm in length and 0.25 
mm in diameter. The specimens were prepared with a diameter of 38 mm and height 
of 76 mm. For obtaining homogenous mixture as much as possible, dry mixing 
method was preferred. Coir contents that chosen were 0%, 0.5%, 1.0% and 1.5% by 
weight of dry soil, also the unit weight of soil kept constant during experimental 
study as 14.8 kN/m3. Confining stress levels were determined 100 and 150 kPa 
respectively and triaxial tests were performed until failure of specimen or a strain 
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level of 10% observed. According to test results that given in Figure 4.9, it is 
concluded that the inclusion of fibers improved the stress –strain behavior of sand 
significantly. Besides, it is resulted that rising up in confining stress causes increase 
of the deviatory stress at failure so shear strain also increase. When shear stress is 
greater than the shear strength of soil, strains in specimen are localized then failure 
occurs. But fiber addition decreases the localization of strain to a limited area and 
gains additional friction resistance in the soil, so the deviatory stress applied 
increases.  
 
Ranjan t al. (1994) investigated the stress-strain behavior of plastic-fiber reinforced 
fine sand and the effects of confining stress on the failure envelope of reinforced 
sand. Moreover, effects f aspect ratios, fiber content were searched. The specimens 
are prepared by mixing with the plastic fibers. First of all, a Standard Proctor test was 
applied to the soil to obtain optimum moisture content at the maximum dry unit 
weight. Mixing the soil and fibers was started at the optimum moisture content. The 
percentages of fiber inclusion were determined as 1%, 2%, 3% and 4% by weight, 
respectively. Besides, the specimens prepared with different fiber contents were 
tested at a confining stress range such as 50-400 kPa. Results points that specimen, 
which was not treated by fiber, reached its peak stress value at a strain level as 10% 
On the other hand, fiber-treated specimen did not reach its peak stress value. The 
failure criterion was defined as 20% axial deformation or earlier, peak stress 
condition in this research. Effects of fiber inclusion on behavior of sand  is presented 
Figure 4.10 below.  
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Figure 4.9 : Stress-strain curves for various fiber contents (Babu et 
al.,2007). 
 
Figure 4.10 : Behavior of fiber-reinforced sand (Ranjan et al.,1994). 
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In this study, critical confining stress is used as term. It is defined as stress which 
causes break in failure envelope.  The stress value, which was less than critical 
confining stress, caused fibers sliding during deformation. In contrast, the stress 
value, which was greater than critical confining stress, did not induce stretch or yield 
on fibers.  
Another issue investigated in this research was the aspect ratio of fibers in 
specimens. Figure 4.11 shows that the effects of aspect ratio on critical confining 
stress and it is clearly seen that fiber inclusion increases the critical confining stress 
efficiently. According to authors, this condition can be explained by stating that as 
the length of fiber usable to mobilize surface strength is small in lower aspect ratios; 
high confining stresses are required for the mobilization of frictional resistance 
(Ranjan et al.., 1994). 
 
Figure 4.11 : Effects of aspect ratio on critical confining stress (Ranjan et 
al., 1994). 
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One of the most important points in this study is fiber content- strength relationship 
of reinforced sand. It is emphasized that the strength of fiber-treated sand raises up 
sharply at lower fiber contents. Due to its lower density compared to sand, fibers 
filled large volume in the mixture. Moreover, it was seen that it was more difficult to 
prepare a fairly uniform fiber-sand mixture for fiber content above 2% because of 
tendency of fibers to balling up. As a conclusion, the fibers enhanced peak shear 
stress as they decreased the loss of post-peak stress (Ranjan et al.,1994). 
Maher and Gray (1990) observed behavior of the randomly distributed fiber 
reinforced sand by performing 180 triaxial compression tests. For foreclosing the 
sunder of fiber, tested specimens were prepared at a moisture content of 10%. In 
scope of this study, different types of sands and natural-synthetic fibers were mixed 
to find out the effects of fiber types and sand grain size distribution of sand on the 
behavior of mixtures under static loading. The results indicated that the sand 
specimen which has rounded shape, displayed curved-linear behavior, on the other 
hand angular sands behaved linearly as it is shown in Figure 4.12 (a)-(b) 
  
Figure 4.12 : Principal Stresses from Triaxial Compression Tests on 
Fiber-Treated Sands (a) Uniform, rounded sands (b) Angular 
sands (Maher& Gray, 1990). 
Also it is stated that the increment of strength obtained by fiber inclusion can vary on 
the soil-fiber parameters as fiber aspect ratio and modulus, granulometry of soil, 
gradation, shape and fiber content. According to results, it can be said that if fiber 
aspect ratio (L/D) increases then critical confining stress (σcrit) decreases but shear 
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strength enhances. Figure 4.13 (a)-(b) shows the relationship between uniformity, 
gradation of sands and σcrit, shear strength (Maher and Gray, 1990) 
In high confining stresses or fiber aspect ratios, the fiber inclusion causes a linear 
increase in shear strength but if the aspect ratio and confining stress have lower 
value, the increment of shear strength accomplishes an asymptotic upper boundary as 
shown in Figure 4.13. 
 
Figure 4.13 : Effects of fiber content and aspect ratio on increment of 
strength in Muskegon Dune Sand (Maher and Gray, 1990). 
Chen and Loehr (2008) performed consolidated-undrained and consolidated drained 
triaxial compression tests on clean sand and fiber-treated sand specimens. The 
polypropylene fiber, which has a specific gravity of 0.91 gr/cm3, was added into the 
uniform Ottawa sand. Tested specimens were prepared in different relative densities 
as loose (Dr ≈ 10%) and medium-dense (Dr ≈ 55%). Saturation of specimen was 
provided and checked with B value, when it reached at least 0.96, the specimens can 
be considered as saturated. After that consolidation and shear process were applied 
respectively. The strain rate chosen for experiments was 12.5 mm/hour to terminate 
the consideration because of strain rate when comparing the undrained and drained 
test results. In triaxial compression tests, upper limit for axial strain was set up as 
30%. The tests were carried on specimens having height of 124.5 mm and diameter 
63.5 mm. The specimens were isotropically consolidated to the effective stresses of 
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35,140,280 and 415 kPa. The association of  deviatoric stress(q) and shear strain (q) 
in loose and medium dense specimens consolidated to 140 kPa effective stress was 
presented in Figure 4.14  
 
Figure 4.14 : Deviatoric stress versus triaxial shear strain curves for CU 
tests          consolidated to 140 kPa effective stress (Chen 
&Loehr, 2008). 
Where;  
                                                   1 3
q                                                        (4.1) 
in which σ1 is the maximum principle stress and σ3 is the minimum principal stress 
and  
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1
3q a v
                                                (4.2) 
in which a is the axial strain and v is the volumetric strain. 
The result indicated that the loose clean sand reached a peak deviatoric stress at 2% 
strain level and at greater strain value, it tends to decrease.  In medium dense clean 
sand specimens, the peak deviatoric stresses reached its peak at strain of about 5% 
and reduced slightly at greater strain than this value, moreover strain hardening 
behavior was displayed in the fiber-reinforced specimens (Chen & Loehr, 2008). 
The test results belong to consolidated undrained tests are displayed in Figure 4.15. It 
is presented that the untreated specimens had tendency to reach peak value in 
deviatoric stress at axial strain of 1 % and held stresses till greater strains. But then, 
fiber treated specimens reached its peak stresses at strains of 20% or greater.  
In scope of this study, the pore water pressure changes were also observed in the CU 
tests. In the untreated specimens at the loose state, PWP increases at small strains but 
then it decreases with addition strains. The medium-dense unreinforced specimens 
exhibited that the pore pressure raised up at strains up to 1% and reduced 
significantly, finally was equal to or less than zero before 5% strains. In contrast, the 
medium-dense fiber treated specimens displayed that PWP enhanced at small strains 
such as 2% and then PWP reduced rapidly (Chen & Loehr, 2008). In Figure 4.16, a 
PWP change with shear strain is presented. 
The test results also presented Mohr-Coulomb shear strength parameters, effective 
cohesion(c') and effective internal friction angle (ϕ'). The results are displayed in 
Table 4.2. According to results in table, fiber inclusion improved the effective stress 
friction angles and the effective stress cohesion intercepts importantly. 
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Figure 4.15 : Deviatoric stress and triaxial shear strain curves for CD tests 
for specimens consolidated to 140 kPa effective stress (Chen 
& Loehr, 2008). 
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Figure 4.16 : Changes in PWP with triaxial shear strain from CU tests for 
specimens consolidated to 140 kPa effective stress (Chen & 
Loehr,2008). 
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Table 4.2 : Mohr-Coulomb Shear Strength Parameters(Chen& Loehr,2008). 
Test Type 
Relative 
Density, 
Dr (%) 
0.0% Fiber Content 0.4% Fiber Content 
c' (kPa) ϕ' (deg) c' (kPa) ϕ' (deg) 
CU 
10 0 30.4 87 43.1 
55 0 33.7 0* 43.5* 
CD 
10 0 29.8 21 45.3 
55 0 34.2 34 47.9 
*Suspicious result due to equipment limitation for pore pressure 
measurement 
 
4.5 Cyclic Tests on Fiber-Reinforced and Clean Sands 
In literature, the dynamic response of fiber-treated sand is very limited. As 
mentioned previous section of this chapter, researches usually focused on the 
behavior of the soil-fiber mixtures under static loads. Some of the researchers also 
suggested some techniques to reinforce the soils with randomly distributed fibers. 
According to Makiuchi and Minegishi (2001) toughness and ductileness of the fiber-
reinforced soils are helpful properties to built structures which have resistance 
against to earthquake. They also suggested a method using synthetic fibers. First one 
is continuous filament yarns are used for non-cohesive granular soils such as sands or 
gravels.  
One of the oldest laboratory works, which is documented and explained the behavior 
of fiber treated sand, performed by Noorany and Uzdavines (1989). In this study, the 
effect of fiber reinforcement on the liquefaction potential of saturated sand was 
observed. Four types of fiber (polypropylene, fine-steel wire mesh, nylon netting and 
fine polypropylene) were used to prepare specimens. These specimens were saturated 
and testes under cyclic triaxial conditions for investigating their liquefaction 
resistance. In Figure 4.17, A comparison of fiber treated and untreated specimens’ 
CSR and Number of Cycles was presented. 
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Figure 4.17 : Comparison of Stress Ratio versus Number of Cycles to 
Initial Liquefaction : Unreinforced and Reinforced 
Specimens (Uzdavines,1987). 
Maher & Ho (1990) performed a series of resonant-column and torsional shear tests 
to investigate the cyclic behavior and obtain dynamic properties of fiber-reinforced 
sand. Besides, the effect of confining stress, fiber addition, numbers of cycles, 
prestrain, aspect ratio are observed.  
In scope of this study, Muskegon dune sand which has Gs=2.65,D50 =0.41, cu= 1.5 
and maximum void ratio (emax), 0.78,minimum void ratio (emin),0.60; was used 
several types of fibers were added into this sand varying in a range such as natural to 
synthetic.  
As a conclusion, addition of fibers affects importantly the dynamic properties of sand 
as shear modulus and damping ratio. Major results of this study can be given as 
follows; 
At large shear deformation level, the fiber that added into sand, contributes to 
increasing the shear modulus, at the same time it reduces the damping. Increment in 
confining stress decreases the fiber contribution to increased shear modulus, and it 
does not affect significantly to damping. Fiber inclusion also does not change the 
number of the cycles of filtering on the dynamic behavior. Increase of aspect ratio, 
L/d, make fiber more efficient in contributing the dynamic response of sand. 
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Vercueil et al. (1997) observed the cyclic behavior of Hostun Sand that reinforced 
with circular sheets of geosynthetic by performing cyclic triaxial tests. Experiments 
were done by a cyclic triaxial press with two coupled servo-system. The index 
properties of Hostun Sand were given in Table 4.3 below. 
Table 4.3 : Index Properties of Hostun RF Sand (Vercueil et al., 1997).  
D50  (mm) Cu emin emax Dr (%) dkN/m
3) 
0.38 1.8 0.648 1.041 54 15 
 
Specimens were prepared with dry sand, which were placed with a zero drop height 
and layered equally as shown in Figure 4.18. To provide allowance for the increasing 
settlement enforced by successive compacting operations. After placement of 
specimen, saturated and consolidation steps were processed respectively.  
 
Figure 4.18 : Preparing layered specimen with Geosynthetic (Vercueil et.   
al, 1997). 
After placing the specimen, saturation and consolidation steps are processed, 
respectively. After the triaxial cell is set up and filled with water, an isotropic 
pressure of 20 kPa is applied. Then CO2 was passed through the specimen with a 
small vacuum pressure (5 kPa) for 20 min and water is circulated into specimen for 
several hours while the difference between confining stress and back pressure is kept 
constant. The back pressure which applied to the specimen, can alter in a range from 
100 to 300 kPa in order to dissolve the carbon dioxide and reach Skempton B 
 
Geosynthetic   
Included 
H/4 
H/4 
H/4 
H/4 
D=H/2 
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coefficients greater than 0.97. In scope of this research, the liquefaction was 
considered to occur when one of the following conditions is met: 
 Cancellation of effective stress; 
 Axial deformation reached greater than 5% 
The results of the liquefaction tests are presented in Figure 4.19 and compared with 
test results of this sand performed by two other laboratories in France. LCPC 
represents Laboratoire Central des Ponts et Chaussées and 3S denotes laboratory in 
Grenoble.  
 
Figure 4.19 : Relationship between cyclic stress ratio and number of 
cycles to cause liquefaction ( Vercueil et al., 1997). 
The experiments were performed in undrained conditions and the type of used 
geotextile was non-woven. Three types of non-woven geotextile were used, the 
material properties were given in Table 4.4. 
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Table 4.4 : Properties of non-woven geotextiles used (Vercueil et al., 1997). 
 
As shown in Figure 4.20 below, liquefaction resistance of sand raised up because of 
the compressibility of the reinforcing material mixed with sand.  
 
Figure 4.20 : CSR versus Number of Cycle for Liquefaction, with 
different non-woven geotextiles (Vercueil et al., 1997). 
Ishihara (1996) pointed the research of Tatsuoka et al. (1986b). To sum it up, this 
research aims to prove that liquefaction resistance increased if relative density of 
sand raised up. Figure 4.21 shows the effect of relative density on liquefaction 
resistance at ±5% double amplitude in axial strain. It is clearly seen that liquefaction 
resistance and relative density have a linear relation until relative density equals to 
70%, greater this value the cyclic strength moves toward rapidly. 
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Figure 4.21 : Cyclic strength vs. the relative density (Tatsuoka et al., 
1986b).  
The cyclic strength of clean, reconstituted sand can be changed with sample 
preparation method. Ishihara (1996) explained this issue with changing of the nature 
of fabric structure. Mulilis et al. (1977) observed the effects of preparation methods 
on cyclic strength by performing cyclic triaxial tests on saturated Monterey No. 0 
sand prepared by two different techniques. In first method, named as air pluviation, 
the specimen was dried at oven and then put into the mold. After then saturation and 
consolidation stages applied. Finally, the sample is subjected to cyclic stress in 
undrained conditions. In the second method, called moist tamping, the sand mixed 
with 8% water content and specimen is put into the mold then compacted in a few 
layers with a tamping rod in order to satisfy required density. The reason why these 
two methods were chosen especially from several methods is that they provide 
lowest and greatest cyclic strength against to liquefaction. The test results are given 
in 4.22 below. 
 
 
62 
 
 
Figure 4.22 : Effects of sample preparation on cyclic strength (Mulilis et 
al.,1977). 
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5.  EXPERIMENTAL STUDY 
In this chapter of the thesis, undrained static and cyclic tests on two different sand 
specimens unreinforced and reinforced with polypropylene fibers are shown. These 
specimens are brought from Van and Akpınar. Moreover, the specimens, which 
belong to Van region where an earthquake occurred on 23rd of October, 2011, are 
also presented. First, the grain size distributions of the soils, which are brought from 
Van and Akpınar used in triaxial experiments, are determined. The upper and lower 
particle size distribution for liquefaction is defined and curved and then the grain size 
distribution curves of the specimens are observed by comparing with these 
boundaries.  
The triaxial tests section of the experimental study consists of two parts. At the first 
part, Akpınar sand, which is brought to a region of Istanbul, is investigated with 
static and cyclic triaxial tests. These tests are performed on specimens that prepared 
unreinforced and reinforced with randomly distributed or located in layers fiber. 
With static tests, the effect of increment in fiber inclusion on peak deviatory stress 
and stress paths are observed. Moreover at the constant fiber content, 1% by weight, 
the change of fiber inclusion type is compared. Firstly, the behavior of sand 
specimen reinforced with randomly distributed fibers under static loading is 
investigated and then this experiment is redone for specimen reinforced with located 
in layer fiber. Furthermore, cyclic triaxial tests are performed on Akpınar sand 
specimens both unreinforced and reinforced with fiber to observe the liquefaction 
potential and dynamic response. In similar manner, the reinforcement is provided by 
randomly distribution or placing in layers of fibers.  
The second part of the triaxial test section consists of a series of static and cyclic 
triaxial tests performed on Topaktaş Sand, which is brought to ITU Hamdi 
Peynircioğlu Soil Mechanics Laboratory from Topaktaş region of Van after the 
earthquake occurred on 23rd of October, 2012. Static tests with high strain rate are 
done on specimens prepared unreinforced or reinforced with randomly distributed 
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fibers. Because of inadequacy of specimen, limited experiments could be performed 
both in static or cyclic. For observing dynamic response and liquefaction potential of 
Topaktaş Sand unreinforced and reinforced with 0.1% fiber content, a series of cyclic 
triaxial tests are performed  by changing CSR in a range varying.  
5.1 Triaxial Test Apparatus 
In scope of this study, the triaxial tests equipment is used for both monotonic and 
cyclic loading states. Ishihara (1996) mentioned that several triaxial test apparatus 
model has differences in detail, but concept of design is same with conventional one 
basically. In addition to this, he introduces two types of triaxial test apparatus which 
are designed in UK and Japan. The second one, designed in Japan, has an important 
difference in detail, which is beneficial to make specimen stand upright for providing 
an exact connection. Figure 5.1 represents the details of a triaxial test apparatus.  
 
Figure 5.1 : Triaxial Test Apparatus (Ishihara, 1996). 
The model of apparatus which is used in this study is DTC-311 that developed by the 
Japanese company ‘‘Seiken Inc.’’ and was brought to Istanbul Technical University 
Soil Dynamics Laboratory within the scope of ITU-JICA (Japan International 
Cooperation Agency). In Figure 5.2, the DTC-311 is presented.  
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The device can perform on specimens both cyclic and monotonic loads. The 
capacities of load cells in vertical and lateral direction are 500 kgf and 10 kg/cm2 
respectively, besides it can apply 200 kgf dynamic load vertically during cyclic tests. 
It is possible to prepare and test specimens with diameter of 150 mm, 60 mm, 75 mm 
and heights of 100 mm, 120 mm and 150 mm by changing the top and bottom caps. 
The device is also capable of loading at strain rate in a range varying from 0.002 
mm/min. to 2.0 mm/min. In addition to this, applying pressures between 0-10 kg/cm2 
is possible.  The air pressure is conducted to water leading to triaxial chamber and 
the pressure regulator controls its level. The drainage valves connected to the top and 
bottom caps to provide water into the specimen during saturation process and apply 
the backpressure. The burette, which is 25 ml-pipe, is connected to the drainage 
valves and it is used for calculating the amount of water dissipated during 
consolidation and determining the volume change. Other parts of the device are a 
deaired water tank for supplying water to the specimen, a vacuum tank for standing 
the cohesionless soil up and circulation of water, a cell water tank for supplying 
water to create  confining stress.  
The cyclic loading is applied to the specimen by uniform sinusoidal and its frequency 
can be altered in range between 0.001 Hz and 2.0 Hz. The vertical load, vertical large 
displacement, PWP transducers are used for displaying the behavior of samples and 
the data is directly transferred to the computer. The computer program named Virtual 
Bench Logger, is used for transferring the data and plotting the graphics. Loading 
unit and triaxial chamber are presented schematically in Figure 5.3 
 
 
Figure 5.2 : Triaxial Test Apparatus in ITU Soil Dynamics Laboratory  
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Figure 5.3 : Loading Unit and Triaxial Chamber (Seiken Inc.). 
The triaxial device has as digital system for calibrating data. This digital system is 
beneficial at measuring the displacement in specimen height, in PWP etc. Before 
running the digital panel to obtain data, the gain, CAL. με and ATT5 buttons should 
be checked. The function of these three buttons can be explained as; The ATT button 
checks the precision of measurements, The CAL. με button regulates the με input, 
this button is also switched by pressing the CALL.ON button and it begins to 
calibrate. After that, the AUTO button is pushed and the digital voltmeter may show 
the value of ‘‘0.00’’. Next, CALL.ON button is pushed and the value of voltmeter is 
fixed up ‘‘5.00’’ by using the GAIN control button which checks the precision of 
amplifier. The ZERO-C-BALL button controls the changes in the measurement and 
after it is shifted to zero. The ZERO CONTROLLER is useful to set the voltmeter 
value displayed on digital indicator (DV) to ‘‘0.00’’. The ZERO-C-BALL button is 
fixed to constant value at the C-BAL position and the voltmeter value is set to 
‘‘0.00’’by using C-BAL button. Simultaneously, for calibrating the sensitivity of the 
measurements, ATT 1,2 and 5 button is calibrated. The MEANS button is switched 
for setting the indicator to the rated value of the sensor. Then, CAL.ON is switched 
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and DV value is set to ‘‘10.00’’ with turning MEAS controller. At the end, CAL 
button is switched off. Finally, the device will be ready to record experimental data. 
The mechanical gauges are also placed to be used in calculation. The data logger of 
system is shown in Figure 5.4. 
 
Figure 5.4 : Digital panel of the Triaxial System 
5.2 Tested Materials  
The Akpınar and Topaktaş sands are used in the experimental study. The Akpınar 
sand is first washed through #200 sieves. After that, remaining specimen is sieved 
through ASTM #10 sieve. In addition to this, the specimens belong to Alaköy, 
Çelebibağ; are subjected to sieve analysis, Atterberg limits, hydrometer and specific 
gravity test to determine index properties and decide if their particle distributions are 
between lower and upper boundary of liquefaction in literature. According to Unified 
Soil Classification System, the specimens are classified. Results are given in Table 
5.1. the specimen named with ‘‘A’’ represents  Alaköy specimens, ‘‘C’’ represents 
Çelebibağ.  Besides, the grain size distribution curves are given in Figure 5.5, 5.6 and 
5.7 respectively. 
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Figure 5.5 : The grain size distribution curves of specimen from Alaköy,Van 
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Figure 5.6 : The grain size distribution curves of specimen from Çelebibağ,Van 
 
Figure 5.7 : Grain size distribution curves of specimen from Topaktaş and Akpınar.    
In addition to sieve analysis, the whole specimens are observed in binocular 
microscope. The photographs from microscope shows that the specimen brought 
from Alaköy has rounded shape particle which is in different diameter as shown in 
Figure 5.8.a. Similarly, the specimen from Celebibağ includes small particle, which 
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can be considered as silt, and larger angular particles. Topaktaş Sand is another 
specimen photographed, it consists of angular particles, and Akpınar sand particles 
are clean and semi-circular, semi-angular shaped. All of the photos belong to 
specimen given in Figure 5.8.  
 
 
Figure 5.8 : Tested materials a) Alaköy b) Celebibağ c) Topaktaş d) Akpınar sand. 
 
a 
d c 
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Table 5.1 : Index Properties and Classification of Soil.
                                
Sample 
Name 
% 
Gravel 
% 
Sand 
%  
Silt  
% 
Clay  
D10 D30 D50 D60 Cu Cr 
wn 
(%) 
LL(%) PL(%) PI Gs emax emin USCS 
A1 7.3 61.9 6.8 24.0 - 0.074 0.400 0.510 - - 15       - - - SC 
A2 4.6 63.1 3.5 28.8 - 0.074 0.320 0.470 - - 16 19.20 - - - - - SC 
A3 0.0 88.3 11.6 1.1 0.061 0.170 0.220 0.280 4.59 1.69 13 18.60 11.20 7.40 - - - SC 
A4 1.0 91.2 7.7 - 0.090 0.190 0.270 0.320 3.56 1.25 16 - - - - - - SP-SM 
C1 3.5 69.3 24.4 2.8 0.012 0.090 0.260 0.320 26.67 2.11 16 - - - - - - SM 
C2 0.0 86.2 12.8 1.0 0.068 0.160 0.190 0.210 3.09 1.79 23 - - - - - - SM 
C3 2.5 83.3 13.3 0.9 - 0.200 0.320 0.420 - - 20 - - - - - - - 
Topaktaş 
Sand 
0.0 89.7 8.4 1.9 0.070 0.150 0.210 0.270 3.86 1.19 9 - - - 2.65 1.01 0.65 SC-SM 
Akpınar 
Sand 
- 100.0 - - 0.220 0.270 0.300 0.350 1.60 0.95 - - - - 2.69 0.876 0.547 SP 
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The polypropylene fiber used in this study for soil reinforcement is known as FORTA 
MIGHTY-MONO fiber. The material properties of fibers are given in Table 5.2, besides the 
fiber, produced according to ASTM C1116 standard, is shown in Figure 5.9, below. 
Table 5.2 : Polypropylene Fiber Properties. 
      
 Color White  
 Structure Single Fiber  
 Specific Weight (g/cm3) 0.91  
 Length 19 mm  
 Water Absorption 0  
 
Tensile Stress 
570-660 
MPa  
 
 
 
 
 
 
 
 
  
 
Figure 5.9 : Polypropylene fibers 
5.3 Specimen Preparation 
As mentioned before, the triaxial test device is used for performing static triaxial compression 
and cyclic triaxial tests. It is possible to perform tests on specimens which has dimension 
variable with different bottom and top caps. In this research, the tests were conducted on 
samples of 50 mm diameter and 100 mm height, having a relative density approximately 25 % 
for Akpınar Sand and 37±2 for Topaktaş Sand. The amount of fibers added to the sand was 
calculated as a percentage of the dry weight of the sand so the fibers are assumed as a part of 
the sand skeleton. The fiber contents in tests are considered as 0.1% and 1%.Furthermore, the 
specimens that have 1.0% fiber content, are prepared in two different placing methods. In first 
one, conventionally, fibers are placed into specimen by mixing randomly disturbed. In second 
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one, they are put into specimen by layered. For all specimens tested, dry deposition method 
was applied partially. As Ishihara (1996) explained; the sand dried in oven, placed in mold by 
a slender cone in order to satisfy the required relative densities about 25% and 37%, besides 
tapping energy is low as possible. The sand is put into mold with mixing fiber uniformly. 
Before mixing them, fibers are separated from each other in order to obtain homogenous 
mixture. For the layered specimen, the preparation process differs; first of all the mass of sand 
measured for required relative density, is divided into 5 equal layers and also the fiber mass is 
divided into 4 equal layers. Next, the first layer of the specimen is put into the mold. After 
that the first part of the fiber mass is located above the first sand layer uniformly. This process 
is repeated until the required height is satisfied. Before placing the specimen to the triaxial 
apparatus, the burette must be filled with water and the air bubble inside of the bottom and top 
drainage pipes must be discharged by applying low backpressure of about 20 kPa. And then, 
the rubber membrane, having a thickness of 0.15 mm is placed to bottom cap and fasten with 
O ring. The divided mold is placed around the membrane and the mold is fixed with 
equipment holding the parts of the mold together. In order to stick the membrane to inner 
surface of mold for satisfies 50 mm in diameter approximately, low vacuum is applied inside 
the mold. Then, porous paper is located on the porous stone at the bottom cap. The specimen 
placement procedure mentioned above is started. After placing specimen, the second porous 
paper is put on the sample, then the loading device with three rods is placed and fixed and the 
membrane and O rings are rolled over the top cap respectively for fastening the membrane to 
the loading device. These rings are helpful to avoid the transfer of water and air into the 
sample during test. At this stage, to keep initial dimensions of specimen, a partial vacuum is 
applied and the mold is removed. After that, According to Japanese Geotechnical Society in 
JGS 0520-2000 Preparation of Soil Specimen for Triaxial Tests, the diameter of the specimen 
including the thickness of the rubber membrane should be measured, at three different levels 
along the specimen height to an accuracy of 0.1 mm. The average value of diameter should be 
determined by correcting for the thickness of the rubber membrane which is measured before 
setting. In similar way, the height of the sample should be measured at several points along 
the sample diameter to an accuracy of 0.1 mm and the average value of height should be 
determined. Dimensions of the specimen shall be measured under a partial vacuum 
approximately 20-30 kPa, the value of which shall be less than the dictated effective lateral 
stress after consolidation. In this study, the vacuum in measuring the dimensions is set as 30 
kPa. Next, the triaxial cell is assembled and filled with water. By checking the cell pressure, 
the partial vacuum is applied to the specimen and the axial load. The partial vacuum is 
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brought to atmospheric pressure while keeping the isotropic effective confining pressure 
constant. Before the saturation process, the Carbon dioxide gas is transferred inside of the 
specimen for 30 minutes. The water level of the burette is recorded. Then, vacuum is turned 
off and distilled water is transferred into the specimen from the bottom cap due to the head 
difference between the water supply tank and the triaxial chamber. The external pressure 
keeps the sample together at this stage. This process is continued until all the air bubbles 
inside of the water pipe are removed. Although it takes 15 minutes, the air bubbles inside of 
the pipe must be carefully checked if they were disappeared. In the case backpressure of 150 
kPa and confining pressure of 180 kPa is applied to the specimen and after waiting for 4 
hours, the degree of saturation is determined. The degree of saturation can be raised up by 
increasing the back pressure and isotropic cell pressure to the sample simultaneously while 
maintaining the isotropic effective confining pressure constant. Saturation of specimen is 
checked by the B coefficient. Head (1985) defined the B coefficient the ratio of the increment 
in total stress to the increment in the pore pressure. This coefficient is calculated with formula 
as following;  
																																										ܤ =
∆ݑ
∆ߪ
																																																																	(૞. ૚)			 
Where;  
σ: Amount of isotropic stress increment (kN/m2) 
u: amount of pore pressure increment (kN/m2) caused by σ 
When the B coefficient reaches 95%, the specimen is assumed as saturated and ready for 
triaxial test. 
5.4 Test Procedure for Determining the Emax 
After saturation of the specimen, the maximum initial Young’s modulus values for 
unreinforced and reinforced sand specimens were determined by using of cyclic triaxial 
device in accordance with ASTM D3999-91. The stress controlled test type is chosen. First of 
all, the cyclic loading is applied while the net pressure of 30 kPa is applied on the specimen. 
The cyclic loading is applied at very small values. For the first 5 cycle, the applied load 
equals to 0.3 kPa; then, for cycles between 5th and 10th the applied load is increased 0.7 kPa, 
for the last 5 cycle the load is 0.9 kPa.  Deformation characteristics of soils depend on the 
magnitude of shear strains to which soils are subjected (Ishihara, 1995). It is assumed that 
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strain range below order of 10-5, the deformations shown by soils are entirely elastic and 
retrievable. The deformation at these levels can be measured with gap-sensors and the 
Young’s Modulus is calculated as;  
																																																										ܧ = 	
∆ߪ
∆ߝ
																																																										(૞. ૛)					 
Where; 
∆σ: The deviatory stress (MPa) 
∆ε: Axial deformation (%) 
The test for determining Elasticity Modulus under the net pressure is finished, when purpose 
is satisfied. Then, consolidation step is started by making a zero setting to the displacement 
transducer and PWP transducer and checking if the required value of back pressure is being 
applied to the pore water by switching on the valve connected to the PWP measurement 
system. Also, the initial reading of the burette is made. The valve connected to the burette is 
closed and the isotropic component of the confining pressure is raised up in order to make 
difference between the confining stress and the back pressure the required value of 100 kPa 
(JGS, 2000).  Next, the valve is opened to start consolidation and this process is continued at 
least until the end of primary consolidation. After that, the valve connected to the burette is 
closed again and the isotropic stress by the amount of deviatory stress is increased. At that 
time, PWP is controlled for its stabilization. In scope of this study, the initial maximum 
Elasticity Modulus is determined under the confining pressure of 310 kPa and the back 
pressure of 210 kPa. Next, cyclic triaxial stage is processed.  
5.5 Cyclic Triaxial Test 
In order to model the effect of earthquake and other repeated loads on soils and liquefaction 
behavior of soils, cyclic triaxial test is also performed. The test starts with ensuring that the 
specimen is subjected to the prescribed isotropic effective confining stress, σ0'. And then, 
cyclic load; which starts with a compressive half cycle and is measured continuously the axial 
load, the large vertical displacement, and PWP; is applied at a certain amplitude. As the 
number of repeated loads increases, the PWP also raises up so the effective stress decreases 
and hence axial deformations occur. The specimen is sheared cyclically until the PWP reaches 
to the net pressure or the axial strains becomes larger than 5% in double amplitude of the 
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axial displacement of the specimen. One more requirement for terminating cyclic loading is 
that number of cycles exceeds about 200. 
Cyclic stress ratio is the ratio of shear stress to the consolidation pressure (net pressure 
applied to the specimen). The dynamic cyclic stress applied to the specimen during the test is 
equal to the half of the axial stress as shown in followings; 
																																																		۱܁܀ = 	
ો܌
૛ ∗ ો′܋
																																																					(૞. ૜)				 
 Where; 
CSR: Cyclic stress ratio 
σd: Cyclic deviator stress 
σ'c: Effective confining stress. 
At the end of the tests, the graphs of cyclic stress ratio versus to number of cycles for 5% 
double amplitude axial strain are plotted for different cyclic stress ratio to compare the results.  
For applying cyclic loads to specimen at certain amplitude, the pneumatic actuator of triaxial 
test apparatus is used. Cycle counter has to be set to zero and if it does not count after start, 
the experiment can be aborted manually. The frequency is arranged as 0.1 Hz.  The digital 
measurements device and panels are also set to zero by pressing AUTO buttons of each panel. 
The power supply of pneumatic actuator is switched on and a pressure of 8 kgf/cm2 is applied 
to the system. At that stage, the top loading piston is lowered until it touches gently the 
specimen cap by turning the static regulation valve. If the piston’s touch is not gently then 
pneumatic loading causes undesired deformation.  By closing the bottom and up specimen 
valves for avoiding drainage, the test starts and continues until the 5%double amplitude axial 
strain is occurred. Then, to remove the specimen, the static and dynamic stress regulation 
button are turned to zero, and the vertical pressure valve must be opened to applying balance 
pressure. Next, the back pressure and confining pressure are reduced slowly. Back pressure is 
set to zero and confining stress is decreased at least 10 kPa to make the triaxial cell zero. The 
cables, which can transferred the test data to logger, are disconnected. The cell top cap and 
cell chamber and the specimen are removed respectively.  
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5.6 Consolidated-Undrained Triaxial Test  
In scope of this thesis, the triaxial test are also performed on specimens, which are prepared 
unreinforced or reinforced with fibers, belong to Akpınar and Topaktaş sands. The relative 
densities for both sands are kept in same values in triaxial tests, so the relative density for 
Topaktaş sand is 37±2% and for Akpınar sand is 25%. The static tests are conducted at strain 
rate of 1.50 mm/min only. Deviatory stress is applied until the specimen failed or up to strain 
level of 20%, whichever is earlier.  
Before performing the static compression test, just as in cyclic test, the saturation and 
consolidation stages are processed, respectively. After, the initial value of the axial load and 
displacement measurement equipments should be manifested and adjusted. Then, the 
specimen has to be subjected to compression continuously for making the axial strain rate 
constant, with cell pressure being kept constant. During the test; vertical load, large vertical 
displacement and change of PWP shall be measured.  
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6.  EXPERIMENTAL RESULTS 
In this chapter, the experimental results of the laboratory tests conducted at ITU Soil 
Mechanics Laboratory are exhibited. The results of Maximum Elasticity Modulus, CU triaxial 
compression and Cyclic triaxial tests performed on saturated unreinforced and fiber-
reinforced sand with different amount and placement will be investigated by plotting graphs 
in one sketch to compare and discuss. The tests have been conducted on specimens with 
relative density about 25% for Akpınar Sand, about 37% for Topaktaş Sand from Van. As in 
mentioned before, firstly the Maximum Elasticity Modulus Test has been conducted and 
quickly the cyclic triaxial test has been performed on same specimen with different CSR in a 
range varies from 0.35 to 0.10. Moreover, with different specimens, the static compression 
behavior of unreinforced and reinforced with fibers is observed by performing CU triaxial 
compression test with a strain rate of 1.5 mm/min. The results of these tests are presented, 
discussed and compared in detail 
6.1 Experimental Results of Maximum Elasticity Modulus Test 
Elasticity modulus tests were performed on clean and reinforced with fiber specimens with 
relative density about 37% and 25%, explained in procedure chapter. In order to determine 
maximum Elasticity Modulus. CSR should be very small and increased slowly because of 
keep specimen in elastic deformation levels.In literature, the range of allowable shear strain of 
elastic behavior of sands or soils is given as 10-4  and 10-6.  In Figure 6.1, an example of test, 
which is performed, is given. According to the graphs in figure, CSR varies in a range from 
0.005 to 0.017, which was tested in three parts and caused axial strain between 0.016 to 0.032 
% in the specimens. As a conclusion, Emax value of clean Topaktaş Sand in small strain as 10
-4 
level can be determined as 22 MPa from Figure 6.2.   
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Figure 6.1 : Experimental Results of Emax Test on Topaktaş Sand(Test 
No:Van3). 
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Figure 6.2 : Emax-logε Relationship in Clean Topaktaş Sand (Test No: Van3). 
In Figure 6.3 the effect of the fiber inclusion on the maximum Elasticity modulus has been 
given for both Akpınar and Topaktaş sand. It can be obviously concluded that increment in 
fiber amount in soil causes decreasing of Maximum Elasticity Modulus.  
 
Figure 6.3 : Effect of Fiber Inclusion on Emax. 
It is also concluded that the type of fiber-inclusion does not affect significantly as shown in 
Figure 6.3. At the fiber content of 1%, the randomly distributed or placed with layers fiber 
reduces the maximum elasticity modulus to approximately same values. The fiber content and 
Elasticity Modulus relation is given in Figure 6.4 below. 
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Figure 6.4 : Effect of Fiber Content on Emax for Akpınar Sand (Istanbul). 
6.2 Dynamic Behavior  of Unreinforced Sand 
The most important result or observation of applying cyclic load on sand specimen is the 
increment of axial strain. Then, the increment of axial strain also causes PWP generation and 
its development. When PWP reaches the net confining pressure the effective stress on sand 
decreases nearly zero so the liquefaction phenomena occurs. In this section cyclic test results 
on unreinforced Topaktaş sand and Akpınar sand will be given separately. The relations of 
fiber inclusion and PWP development and axial strain change when cyclic stress ratio is kept 
constant in detail.  
6.2.1 Dynamic behavior  of unreinforced Topaktaş sand (23 October 2011) 
On 23rd October 2011, an earthquake occurred in Van. To determine the dynamic behavior of 
liquefied soil stratum, disturbed soils were obtained from insitu in Topaktaş Village in Van 
City. Because of insufficient amount of specimen, limited cyclic tests can be performed on 
Topaktaş Sand.  One of the test results, belongs to Topaktaş Sand, is given in Figure 6.5 
below. In this experiment, CSR is about 0.24 and relative density (Dr) is approximately 38%.  
It reaches double amplitude axial strain at 31st cycle and PWP nearly equals to the net 
confining pressure at the same cycle. The relationship between axial strain and PWP, axial 
strain and Cyclic Stress are also given in the same figure. In 31st cycle, the PWP is nearly 100 
kPa and axial strain is 5%.The whole test results are given in Table 6.1, below. 
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Table 6.1 : Experimental results of cyclic tests on unreinforced Topaktaş sand. 
 
In Table 6.1, the initial conditions of each tests are also given. It shows that degree of 
saturation with Skempton B coefficent, the relative density of specimen just before the cyclic 
shear test, index properties and confining stress.  
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(d/2*c) 
 NC  
±2.5 
u  
(kPa) 
B 
(%) 
Dr(%) 
Fiber 
Content 
(%) 
Van1 19.29 193.34 13.87 100 0.20 36 101.74 96 38 0 
Van3 19.40 193.86 13.84 100 0.30 7 99.63 97 36 0 
Van8 19.29 193.016 13.90 100 0.16 112 100.88 96 38 0 
Van6 19.32 193.2 13.90 100 0.24 31 102.41 98 38 0 
Van9 19.29 192.9 13.90 100 0.37 4 101.69 100 38 0 
Van14 19.30 193.0 13.34 100 0.25 2 100.46 96.7 27 0 
(a) 
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Figure 6.5 :  (a)-(b) CSR, Axial Strain versus to Number of Cycles in 
unreinforced Topaktaş sand (Dr: 37%) (TestNo:Van6). 
As shown in Table 6.1,  the confining stress is kept constant in pressure of 100 kPa during all 
the tests. Besides, to determine the dynamic behavior of unreinforced Topaktaş sand under 
cyclic load, polypropylene fiber is not added. In order to satisfy the same initial condition, just 
before the tests B coefficent is measured for saturation, it is changed in a small range as 0.96 
to 1. The initial volume and cross section area is measured after B coefficient determination to 
calculate last relative density. For example, in theorotical calculation, the mass of sand is 
measured for relative density of 30%. But after CO2 pass and water inclusion to dry sand 
specimen, the dimensions of specimen are changed.Moreover the restraint of top cap triaxial 
apparatus causes deformation in height of sample. So the new relative density is increased 
such as %38-%36.  The dry unit weight is also calculated by using final volume of specimen. 
Table 6.1, also gives the test results in summary. For instance, number of cycles which initial 
liquefaction is seen.  
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Figure 6.6 :  (a)-(b)-(c)-(d) An example of Cyclic Test Results of Topaktaş Sand (CSR: 0.24, Dr: 37%)    
(TestNo:Van6)
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
-0.1 -0.05 0 0.05 0.1 0.15C
yc
lic
 S
tr
es
s(
kg
f/
cm
2 )
 
Axial Deformation, 
-20.0
0.0
20.0
40.0
60.0
80.0
100.0
120.0
0 5 10 15 20 25 30 35 40
P.
W
.P
. (
kP
a)
Number of Cycles(N)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
-15 -10 -5 0 5 10 15
P
W
P 
 (
kg
/c
m
2 )
Axial Deformation, (%)
-60
-40
-20
0
20
40
60
0 50 100 150
D
ev
ia
to
ry
 S
tr
es
s,
 q
 (k
P
a)
Mean Effective Stress ,p' (kPa)
Stress Path
(a) (b) 
(c) 
(d) 
 
 
86 
 
Effects of CSR on Axial Strain and PWP development are presented in Figure 6.7 (a) and (b) 
respectively. As Cyclic stress ratio increases axial strain and PWP also increase at the same   
number of cycle. 
 
  
Figure 6.7 : (a)-(b):Effects of CSR on PWP and Axial Strain in Topaktaş Sand 
(Dr: 37±1%). 
6.2.2 Dynamic behavior of  fiber-reinforced Topaktaş sand 
In this part of the study, the cyclic tests were performed on fiber-reinforced specimen 0.1% by 
weight of dry sand. The aim of the tests is to observe the behavior of fiber treated specimen 
under cyclic loading and its liquefaction potential. But insufficient of specimen was the main 
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problem, so the fiber improvement of Topaktaş Sand is provided only 0.1% fiber inclusion. 
The test results of reinforced specimens are given in Figure 6.8 (a) and (b) firstly the CSR 
effect  on fiber-reinforced sand is presented. After that, the effects of fiber inclusion is given. 
Besides, All of the test result are given in tabular form in Table 6.2, below. 
Table 6.2 : Experimental results of cyclic tests on fiber-reinforced Topaktaş sand. 
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(kN/m3) 
c(kPa)
CSR 
(d/2*c) 
    
NC  
±2.5 
u  
(kPa) 
B 
(%) 
Dr(%) 
Fiber 
Content 
(%) 
VanFdin1 19.32 193.007 13.91 100 0.20 244 99.69 97 37 0.1 
VanFdin4 19.32 194.57 13.78 100 0.24 39 101.15 96 35 0.1 
VanFdin2 19.36 193.68 13.91 100 0.30 14 99.07 100 38 0.1 
VanFdin10 19.32 193.03 13.95 100 0.37 7 99.79 100 37 0.1 
VanFdin12 19.28 193.44 13.31 100 0.25 9 100.43 96.7 28 0.1 
VanFdin13 19.29 194.17 13.26 100 0.25 12 100.15 95 26 1 
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Figure 6.8 :  (a)-(b): Effect of CSR on Axial Strain and PWP in Fiber-
Reinforced Topaktaş Sand( Dr: 37±1 %).  
In additon to CSR effect, the contribution of fibers to liquefaction resistance is also observed 
at different CSR such as 0.37, 0.30 and 0.20. The comparison of reinforced and unreinforced 
specimens test result are given respectively in Figure 6.9, Figure 6.10 and Figure 6.11.  
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Figure 6.9 : (a)-(b): Comparison of PWP development and Axial Strain in 
unreinforced and fiber-reinforced Topaktaş sand (CSR:0.37, Dr≈ 
37±1 % ). 
 
 
Figure 6.10 : (a)-(b): Comparison of PWP development and Axial Strain in 
unreinforced and fiber-reinforcedTopaktaş sand (CSR:0.37, Dr≈ 
37±1 % ). 
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Figure 6.11 : Comparison of PWP development and Axial Strain in 
unreinforced and fiber-reinforcedTopaktaş sand (CSR:0.37, Dr≈ 
37±1 % ). 
It is clearly seen from Figure 6.9 , 6.10 and 6.11  that addition of fiber to Topaktaş Sand 
improves the cyclic shear strength. The increment in shear strength makes the specimen more 
resistant against to deformation. Cyclic load has been applied on both reinforced and 
unreinforced sample with the same CSR, as 0.37, 0.30 and 0.20.  
In Figure 6.12, the cyclic test results on reconstituted Topaktaş sand, which is prepared at a 
constant relative density about 37%. To compare, the fiber-reinforced Topaktaş Sand is also 
tested at different CSR.  
The Figure 6.12 shows that even a little bit fiber inclusion improves the sand strength and 
makes it more resistant to cyclic loading. For instance, when CSR equals to 0.3; Number of 
cycle required for %5 double amplitude axial strain (D.A), is 5 for in 
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Figure 6.12 : CSR versus Number of Cycles in Topaktaş Sand. 
unreinforced sand. On the other hand, the number of cycle for %5 D.A in fiber-reinforced 
sand is 8. According to Ishihara (1996), in order to specify the onset condition of liquefaction 
or cyclic softening in terms of the magnitude of cyclic stress ratio desired to produce 5% D.A. 
axial strain in 20 cycles of uniform application. The CSR is matched with 20th cycle is often 
defined as cyclic strength. Thus, it can be evaluated that the cyclic strength of reconstituted 
clean Topaktaş sand is approximately 0.23 in terms of CSR when it has relative density of 
37%. 
As a conclusion the reinforcement percentage in PWP development is determined in Topaktaş 
sand by  adding of polypropylene fiber in content of 0.1%.Figure 6.12 shows the result in 
axial strain levels such as ±1 and ±2, respectively.  
 
Figure 6.13 : Percentage of Reinforcement of PWP development in Topaktaş 
Sand.(Dr≈37%). 
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6.2.3 Dynamic behavior of unreinforced Akpınar  sand 
Another soil specimen that subjected to cyclic triaxial tests in order to observe the cyclic 
behavior is a type of sand named Akpınar from Istanbul. One of the test results is given in 
Figure 6.14, below. The remaining test results and initial test condition  are summarized in 
Table 6.3., below. 
Table 6.3 : Experimental results of cyclic tests on unreinforced Akpınar sand. 
No 
   Ao    
(cm2) 
    Vo     
(cm3) 
d 
(kN/m3) 
c    
(kPa)
CSR 
(d/2*c) 
    
NC  
±2.5 
u  
(kPa) 
B 
(%) 
Dr(%) 
Fiber 
Content 
(%) 
Aktdin1 19.40 196.91 14.62 100 0.25 6 100.25 100 23 0 
Aktdin3 19.40 194.58 14.82 100 0.20 8 101.85 100 27 0 
Aktdin2 19.37 193.70 14.86 100 0.15 14 103.73 100 27 0 
Aktdin4 19.34 196.05 14.73 100 0.10 95 98.62 100 25 0 
 
 
Figure 6.14 : (a)-(b):  CSR. Axial Strain vs. Number of Cycles in unreinforced 
Akpınar Sand (CSR:0.25. Dr: 23%)(Aktdin1).
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Figure 6.15 :  (a)-(b)-(c)-(d): An example of Cyclic Test Results of Topaktaş Sand (CSR: 0.25. Dr: 23%)(Test 
No:Aktdin1) .
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According to test result which is given as example. while CSR equals to 0.25 and the relative 
density (Dr) is set as 25%. the sand reaches 5% D.A axial strain as known liquefaction 
criteria. in seven cycles.  
6.2.4 Dynamic Behavior  of  fiber-reinforced Akpınar sand 
In this section. the behavior of fiber reinforced soil under cyclic loads will be discussed. In 
similar way as unreinforced test. the specimens were prepared at relative density of about 
25%. The CSR are the same with unreinforced specimens’ tests to compare the results. At 
fiber content 1%. two different fiber placement approaches were applied. In first type. 
conventionally. the fibers were mixed with sand randomly. On the other hand. at the second 
one. the fibers were placed in soil matrix with layers. To sum it up. unreinforced sands are 
less resistant to liquefy and have a tendency to make large deformation. The whole test results 
are given in this section with comparison. The fiber contents used in this research are 0%. 
0.1% and 1%. besides the layered 1%. Furthermore. the CSR applied to specimens are 0.25. 
0.20. 0.15 and 0.10 respectively. The initial conditions of tests and results are summerized in 
Table 6.4. below. 
Table 6.4 : Initial Conditions and results of cyclic tests on fiber-reinforced Akpınar Sand. 
One of the main purposes in this study is to investigate the effects of fiber inclusion on the 
cyclic behavior and liquefaction  risk of fiber-reinforced sand compared with unreinforced 
sand. The CSR was kept constant and the specimens prepared with 4 different type and fiber 
amount tested with constant CSR. And then. Fiber inclusion was kept constant and effects of 
CSR on cyclic behavior of Akpınar sand evaluated. In Figure 6.16 and Figure 6.17 shows that 
No 
   Ao    
(cm2) 
    Vo     
(cm3) 
d 
(kN/m3) 
c    
(kPa)
CSR 
(d/2*c) 
    
NC  
±2.5 
u  
(kPa) 
B 
(%) 
Dr(%) 
Fiber 
Content 
(%) 
Aktdin5 19.40 193.92 14.86 100 0.25 11 98.99 97 28 0.1 
Aktdin7 19.40 196.25 14.69 100 0.20 20 99.89 100 24 0.1 
Aktdin6 19.37 195.02 14.78 100 0.15 54 103.21 96 27 0.1 
Aktdin8 19.30 194.11 14.85 100 0.10 192 97.55 97 28 0.1 
Aktdin9 19.35 194.61 14.94 100 0.25 17 103.45 100 29 1 
Aktdin11 19.24 196.29 14.81 100 0.20 34 103.21 97 28 1 
Aktdin10 19.32 195.15 14.90 100 0.15 97 93.93 100 29 1 
Aktdin12 19.29 194.83 14.92 100 0.10 414 82.79 98 29 1 
Aktdin13 19.37 196.25 14.82 100 0.25 26 100.01 97 28 1(layer) 
Aktdin15 19.40 196.52 14.77 100 0.20 39 98.39 100 27 1(layer) 
Aktdin14 19.40 194.64 14.94 100 0.15 93 102.20 100 29 1(layer) 
Aktdin16 19.37 196.31 14.81 100 0.10 332 74.69 100 28 1(layer) 
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how fiber inclusion affected PWP development and axial strain changes in CSR with 0.25. As 
shown in figures; when fiber percentage is getting higher. the cycle value required for D.A 
axial strain of ±2.5% also increases rapidly even in this kind of loose placed specimen. The 
PWP development tendency of sample is also similar; the fiber inclusion retards the rapidly 
increase of PWP. But the fiber placement differs a little at PWP development. For instance. in 
specimen prepared with random distribution. PWP increase slows after 30th cycle and nearly 
has a peak. On the other hand. in prepared with layered specimen. the peak PWP occurs in 
further cycles such as 40th. The other test result with different CSR value.such as 0.20. 0.15 
and 0.10. are also given in Figure 6.18. 6.19. 6.20. and 6.21.respectively. 
 
Figure 6.16 : Effect of fiber inclusion on axial strain (CSR:0.25). 
 
Figure 6.17 : Effect of fiber inclusion on PWP (CSR:0.25). 
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The same comparison is also made within CSR=0.20. The results are given in Figure 6.18 and 
6.19. respectively.  
 
Figure 6.18 : Effect of fiber inclusion on axial strain in CSR: 0.20. 
 
Figure 6.19 : Effectof fiberinclusion on PWP development in CSR: 0.20. 
Figure 6.18 and 6.19 presented an important result; in low cyclic stress ratio as 0.20 the axial 
strain increment is approximately same in both specimens are prepared randomly disturbed 
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fibers or placed fibers in layers. Besides. the PWP development tendency is remarkably 
similar in both specimens.  
 
Figure 6.20 : Effectof fiberinclusion on axial strain in CSR: 0.15. 
 
Figure 6.21 : Effectof fiberinclusion on PWP development in CSR: 0.15. 
Finally. the comparsions of PWP development and axial strain change  with different fiber 
content and  placing type is done at CSR value as 0.10. The results are given in Figure 6.22 
and 6.23. below. 
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Figure 6.22 : Effectof fiberinclusion on axial strain in CSR: 0.10. 
 
Figure 6.23 : Effectof fiberinclusion on PWP development in CSR: 0.10. 
The last evaluation from cyclic test results is liquefaction potential of both unreinforced and 
fiber-reinforced Akpınar sand. It is obviously seen in Figure 6.24 that fiber addition improves 
the liquefaction resistance of loose sand significantly. Also. at 1% fiber content. fiber 
placement method does not affect the cyclic strength so much in low CSR value and 5% D.A 
axial strain occurred in further number of cycles such as between 300 and 400.  
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Figure 6.24 :  Effect of fiber addition on liquefaction in Dr ≈25% 
In theory. Ishihara (1996) states that the number of cycles could be set as permissive when a 
suitable correction factor is incorporated to evaluate the formless nature of earthquake 
loading. On the other hand. he adds the 10 or 20 cycles should be considered as typical 
number of significant cycles being present in many of actual time histories of accelerations 
recorded during past earthquake. Thus. it is beneficial to specify the liquefaction conditions in 
terms of the magnitude of cyclic stress ratio for desired to produce 5% D.A axial strain in 20 
cycles of uniform loading. In Figure 6.25 and 6.26 present the relation between fiber content-
PWP and fiber content-CSR respectively. below. 
 
Figure 6.25 : CSR-Fiber Content relation at 20th cycle in Akpınar Sand. 
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Figure 6.26 : PWP-Fiber Content relation at 20th cycle in Akpınar Sand. 
One of the wondering point of this study is how much improvement gained by adding 
different percentage of  fiber. at a strain level of ± 2.5% which causes initial liquefaction. To 
find out this relatioship,the fiber content and  PWP development change is observed at strain 
level of ± 2.5%. Figure 6.27  presents the fiber content and PWP development decrease , also 
improvement percentage, corelation.  
 
Figure 6.27 : Percentage of Improvement with Fiber Content 
Finally. effect of fineness content is observed in scope of this study. Akpınar sand does not 
have any fine particles that has a diameter less than 0.074 mm. On the other hand. Topaktaş 
Sand includes fine particles with a percentage of approximately 10%. To understand fineness 
content effect. the CSR-0.25- degree of saturation. fiber content  and relative density are kept 
the same for both type of sand. The initial conditions and results are given in Table 6.1. 6.2. 
6.4 respectively before. Figure 6.28 exhibits the fineness content effect on liquefaction 
resistance, below. It can be concluded that, the fineness content of Topaktaş sand decrease the 
liquefaction resistance, although its relative density is a bit greater than Akpınar sand which 
does not have fine particles.  
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Figure 6.28 : Effect of Fineness Content on Liquefaction Resistance  
6.2.5 Static Behavior of  Topaktaş and Akpınar Sands 
In last part of the experimental study. in order to observe the strain and deviatory stress under 
monotonic loading. a series of static triaxial compression CU tests were performed. 
Furthermore. the effect of fiber addition on shear strength under strain rate of 1.5 mm/min. is 
investigated. The specimens. which belong to both Topaktaş and Akpınar sand . were 
prepared in conditions as cyclic tests. For Topaktaş sand. the relative density is tried to keep 
constant as Dr: 37%. and for Akpınar sand. this value is fixed to Dr: 25% approximately. Also. 
the specimens prepared with fiber layers are tested. All the tests were stopped while the 
failure occurred or the axial strain reached level of 20% deformation. Table 6.5 summarizes 
the static test conditions. below. 
Table 6.5 : Static Triaxial Tests performed on Topaktaş and Akpınar sand. 
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   Ao    
(cm2) 
    Vo     
(cm3) 
d 
(kN/m3) 
c    
(kPa)
Strain 
Rate 
(mm/min) 
B 
(%) 
Dr(%) 
Fiber 
Content 
(%) 
emax emin 
Wdry     
(g) 
Gs 
VanSta1 19.24 193.79 1.41 100 1.5 96.5 37 0 1.01 0.65 273.4 2.65 
VanSta2 19.37 193.74 1.41 100 1.5 100 37 0.1 1.01 0.65 273.4 2.65 
AkpınarSta1 19.35 196.00 1.50 100 1.5 100 26 0 0.876 0.547 294.5 2.69 
AkpınarSta2 19.32 195.15 1.51 100 1.5 96.5 27 0.1 0.876 0.547 294 2.69 
AkpınarSta3 19.35 195.03 1.50 100 1.5 97 27 0.5 0.876 0.547 293.5 2.69 
AkpınarSta4 19.24 195.71 1.50 100 1.5 98 24 1 0.876 0.547 293 2.69 
AkpınarSta5 19.35 196.06 1.50 100 1.5 98 25 1(Layered) 0.876 0.547 294 2.69 
AkpınarSta6 19.24 190.52 1.54 100 1.5 96 40 1(Layered) 0.876 0.547 294 2.69 
Dr=23%- 27% 
σc =100 kPa 
CSR=0.25 
 
 
102 
 
6.2.5.1 Static triaxial test on unreinforced and fiber-reinforced Topaktaş sand 
As mentioned before. the specimens are tested in undrained condition while they are 
saturated..To satisfy and check saturation. the samples allowed to saturate until B values 
greater than 0.96.  The strain rate was chosen as 1.5 mm/min. As in cyclic tests process. for 
the Topaktaş sand. the fiber content of 0.1% could be tested due to insufficient sample 
amount. Figure 6.16 (a)-(b) and (c) shows the stress-strain. PWP development of unreinforced 
sand and stress paths relation  of unreinforced Topaktaş Sand with a relative density of 37%  
at confining pressure of 100 kPa 
 
 
Figure 6.29 :  (a)-(b) :  Deviatory stress and PWP change depended on axial 
strain in   Topaktaş sand under CU monotonic loading (Test No: 
VanSta1). 
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Figure 6.30 :  (c) (Continued): Stress Path of Topaktaş sand under CU test 
(Test No: VanSta1). 
Effect of addition of fiber on static behavior   is limitedly observed in Topaktaş sand. The 
fiber-reinforced specimen with fiber content of 0.1% and unreinforced specimen test results 
are compared in Figure 6.17 below. 
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Figure 6.31 :  (a): Effect of fiber addition on PWP development in Topaktaş 
sand. 
 
 
Figure 6.32 :  (b)-(c)(Continued): Effects of Fiber addition on deviatory stress 
and stress path. 
From Figure 6.32 (a). It can be concluded that the fiber addition affects the PWP development 
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PWP is 0.2 kg/cm2 in 0.1% fiber treated sand. The peak deviatory stress is determined in 
unreinforced sand as 200 kPa while it is 252 kPa in 0.1% fiber-reinforced sand. but their axial 
strain is approximately 20%. Both these of results shows that fiber inclusion improved the 
engineering properties of Topaktaş sand. The remaining test result related this chapter has 
been given in Appendix B. 
6.2.6 Static triaxial test on unreinforced and fiber-reinforced Akpınar sand 
In this section. the test results of the experiments. which were performed for observing the 
behavior of loose state Akpınar sand under monotonic load in conditions both unreinforced 
and reinforced. are presented. The confining stress was kept constant as 100 kPa. the relative 
density was about 25% and the strain rate was 1.5 mm/min. The fiber contents were 0%. 
0.1%. 0.5% and 1%. Moreover the fiber layered specimens are tested. In Figure 6.18. one of 
the test result is given as example below. 
 
Figure 6.33 :  (a): Test results of unreinforced Akpınar sand(Test No: 
AkpınarSta1). 
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Figure 6.34 :  (b)-(c)(Continued): Test results of unreinforced Akpınar sand 
(Test No:AkpınarSta1). 
At last part of this section; it is observed that how fiber inclusion affected the behavior of 
sand under static loading with a strain rate of 1.5 mm/min. The results with comparison were 
given in Figure 6.35 in detail. below.  
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Figure 6.35 :  (a)-(b): Effects of fiber inclusion on PWP change and deviatory 
stress. 
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Figure 6.36 :  (c) (Continued): Effects of fiber inclusion on stress path 
According to plots in Figure 6.18(a); fiber addition affects the PWP development 
significantly. The positive peak value of PWP increases rapidly when fiber content increases. 
Besides. strain levels are very changeable for a constant PWP value. The specimens which 
contain 0.1% and 0.5% reaches the same PWP value at axial strain of 20%. The PWP is not 
constant and tends to decrease at axial strain of 20% in specimen contains fiber 1% by weight. 
The fiber-layered specimen behaves very different from other specimens. the positive PWP 
decreases more slightly and at about axial strain of 10%. tends to be constant. This 
phenomenon can be explained with the contribution of fiber to dilatancy of sand when it is 
layered. 
Another issue can be discussed from Figure 6.18 (b) is the deviatory stress. Fiber inclusion in 
randomly distribution does not cause a significant change in deviatoric peak stress but the 
axial strain levels changes. In specimen prepared by randomly distribution fiber content of 
1%. the failure does not seen until axial strain of 20% and the strength has a tendency to 
increase. The fiber-layered specimen again shows different behavior and its deviatory stress is 
about 13 kg/cm2 at a strain level of 12%. Another significant conclusion is even in such a 
strain rate of 1.5mm/min.. the peak deviatory stress does not mobilized until reaching strain as 
large as 20% or 25%. 
The layered-fiber reinforced specimens has been also tested in two relative densities such as 
25% and 40% respectively. the test results is exhibited in Figure 6.20(a) and (b) 
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Figure 6.37 :  (a)-(b): Effects of Relative Density on PWP and Deviatoric 
Strength 
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Figure 6.37 shows that there is no significant change in PWP development of both 
fiber-layered specimens but the peak strength is slightly different in both specimens. 
In denser specimen. the peak deviator stress reached same strain levels than the in 
looser one. Denser specimen’s peak strength is about 15 kg/cm2 while in looser 
specimen the peak deviatoric stress is nearly 13kg/cm2. 
The tests. were performed to observe behavior of Topaktaş and Akpınar sand. have 
been listed in Table 6.5 below. The test results have also been presented in Appendix 
B.  
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7.  CONCLUSIONS AND RECOMMENDATIONS 
Reinforcing soils with fibers becomes widespread soil improvement method. Usage of 
synthetic fiber in geotechnical engineering is feasible in road construction. retaining walls. 
railway embankments. slope stability. earthquake engineering. Previous researches in this 
area show that fiber inclusion improves the static and cyclic response depending on some 
factors such as soil type. particle size distribution. fiber type. aspect ratio and especially fiber 
content.  
In scope of this thesis. the effects of polypropylene fiber on the dynamic and static behavior 
of two types of sand brought from Topaktaş.Van after earthquake occurred on 23rd October 
and Akpınar. Istanbul. are investigated by performing CU cyclic and monotonic triaxial test. 
Before these tests. the liquefaction potential has been determined by sieve analysis of soils 
brought from Van (Çelebibağ. Alaköy.Topaktaş) and Akpınar sand. Particle size distribution 
curves show that all of these soils are in potential liquefaction range by their granulometry. 
The specimens were prepared by distributing random into soil matrix with different 
percentages as 0.1 and 1%. Besides. some specimens which contains 1% polypropylene 
fibers. are prepared in layers. The specimens belong to Topaktaş are in relative density of 
about 37% while Akpınar specimens are in relative density of about 25%.   
The material of fibers used in this study is polypropylene which is the most widely used 
addition in the laboratory testing of soil reinforcement. Nowadays. in order to improve the 
soil strength properties and decrease the shrinkage and swelling properties.  
The experimental study started with determination of Emax in both types of sand. Samples are 
saturated and then subjected to cyclic triaxial test with confining pressure of 100 kPa. In these 
tests. very small cyclic loads applied in undrained condition to specimen for obtaining small 
strains which varying in a range such as order of 10-4 and 10-6. According to test results. it can 
be said that the Emax value decreased significantly because of fiber addition. especially 
observed in Akpınar sand. In unreinforced specimen of Akpınar sand. the Emax value is 
determined as 60 MPa and 50 MPa. but it decreased 30 MPa and 20 MPa in specimens 
includes fiber 0.1 and 1% respectively. Moreover. in the fiber-layered specimens with fiber 
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content of1%. the Emax value does not differ from the specimen contains fibers 1% by weight 
with randomly distributed.  
The next part of the experimental program . cyclic triaxial tests are performed on both 
unreinforced Topaktaş and Akpınar sand with  different CSR in confining pressure of 100 kPa 
for determination of liquefaction potential. Furthermore in Topaktaş sand. 0.1 fiber content by 
weight is tried for improving the sand facilities. Topaktaş sand was liquefied in earthquake in 
Van. on 23rd of October.2011.  
The next part of the thesis. in order to investigate liquefaction potential of Topaktaş and 
Akpınar sand. For this purpose. the specimens were subjected to several cyclic triaxial tests 
with different CSR. First of all. the unreinforced specimens of both types of sand were tested 
in consolidated undrained conditions. All the tests were applied in a confining pressure of 100 
kPa. The cyclic tests can be separated into two groups. In first group. the unreinforced and 
0.1% fiber-reinforced Topaktaş sand behavior were observed. On 23rd of October in 2011. 
Topaktaş sand was boiled in surface because of liquefaction. The results of tests performed on 
unreinforced sand portrays that the CSR equals to 0.24 approximately for 20 cycles which are 
considered as earthquake with magnitude Mw =7.5. After that. Topaktaş sand was tried to 
improve against to liquefaction by fiber addition with content of 0.1%. Contribution of fiber 
inclusion is considerable; the CSR matched with 20 cycles is about 0.28.  At second part of 
the cyclic tests. Akpınar sand was investigated in detail more than Topaktaş sand. The 
unreinforced Akpınar sand with relative density about of 25% tested in CSR such as 0.25. 
0.20. 0.15 and 0.10 respectively with a different fiber content and placement. The fiber 
contents were 0.1 and 1% by weight and fibers in 1% content were also placed in layered. The 
CSR is nearly 0.14 while 20 cycles are applied with frequency of 0.1 Hz on unreinforced 
specimen in this relative density of Akpınar sand. On the other hand. fiber inclusion makes 
sand more resistant against to liquefaction significantly. Moreover. specimens which shears 
with higher cyclic stress ratio are more vulnerable to liquefaction hazards than which sheared 
with low cyclic stress ratio.  One of the most important conclusions can be obtained from 
cyclic tests. in low CSR. the placement of fiber into soil matrix does not affect considerably 
the liquefaction potential. The PWP development and axial strain are almost same in 
specimens. which are sheared by low CSR. are prepared both layered and randomly 
distributed. Hence. in practical approach. the placing fibers into soil layers with layers can be 
sensible for checking improved soils properties. 
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In last part of this study is related with triaxial monotonic loading with a constant strain rate 
of 1.5 mm/min. The main purpose of these static tests is to find out if fiber inclusion 
improved the shear strength of sand such as loose state under consolidated and undrained 
condition. Similarly in cyclic tests procedure. Topaktaş sand was tested firstly with 
unreinforced and 0.1% fiber-reinforced specimens. The specimens are confined at 100 kPa in 
fully saturation. B coefficient for saturatation was satisfied with being greater than 0.96 in all 
tests. The fiber contents tested are 0.1. 0.5 and 1%. 1% layered. According to test results. it is 
observed that fiber inclusion did not increase the peak stress value significantly. On the other 
hand.in the fiber-layered specimen. the peak  deviatory strength increased importantly. PWP 
development in static tests tends to increase up to 50 kPa  and then decreased slightly in 
unreinforced. 0.1 and 1%  fiber-layered specimen.  In scope of this study. as a small section. 
effects of relative density on fiber-layered sands behavior is investigated by tests performed 
on specimen have relative density of 25% and 40% respectively.   
Fineness content is another issue that observed in experimental study. Topaktaş sand from 
Van, includes 10.3% fine particles while Akpınar sand does not include fine particles. The 
test result shows that fiber inclusion gains more liquefaction resistance to Akpınar sand in 
same experimental conditions. 
In conclusion.  the randomly  distributed  or layered polypropylene fiber addition improved 
the  liquefaction resistance and the shear strength of Topaktaş and Akpınar sand which  are in 
loose state. The results obtained from the experimental study are also consistent with previous 
researches which are related with fiber-reinforcement in laboratory testing. Placing of fibers 
into soil matrix with layers can be studied in further research by numerical model which is 
depending on number of layer,confining stress, relative density of sands, fineness 
content;respectively. 
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APPENDIX A                      
Table A. 1: Properties of Van1 Test. 
 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Van1 19.29 193 13.87 100 0.20 36 101.74 96 38 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1 : Van1 Test  Results. 
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Figure A.2 : Van3 Test Results. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Van3 19.40 193.86 13.84 100 0.30 7 99.63 97 36 0 
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Table A. 3: Properties of Van6 Test 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Van6 19.32 193.2 13.90 100 0.24 31 102.41 98 38 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.3 : Van6 Test Results. 
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Table A. 4: Properties of Van8 Test 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Van8 19.29 193.02 13.90 100 0.16 112 100.88 96 38 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure A.4 : V
an8 Test Results. 
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Table A. 5: Properties of Van9 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Van9 19.29 192.9 13.90 100 0.37 4 101.69 100 38    0 
 
                                                                                                    
Figure A.5 : Van Test 9 Results. 
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Table A. 6: Properties of VanFdin1 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
VanFdin1 19.32 193.007 13.91 100 0.20 244 99.69 97 37 0.1 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
Figure A.6 : VanFdin1 Test Results. 
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Table A. 7: Properties of VanFdin4 Test. 
No 
 Ao     
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
VanFdin4 19.32 194.57 13.78 100 0.24 39 101.15 96 35 0.1 
 
 
 
 
                
 
 
Figure A.7 : VanFdin4 Test Results. 
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Table A. 8: Properties of VanFdin2 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
VanFdin2 19.36 193.68 13.91 100 0.30 14 99.07 100 38 0.1 
 
Figure A.8 : VanFdin2 Test Results. 
 
-0.40
-0.20
0.00
0.20
0.40
0 5 10 15 20 25
C
yc
lic
 S
tr
es
s 
R
at
io
, 
(σ
d/2
σ c
)
Number of Cycles(N)
-15
-10
-5
0
5
10
0 5 10 15 20 25
A
xi
al
 S
tr
ai
n,
 ε
(%
)
Number of Cycles(N)
-20.0
0.0
20.0
40.0
60.0
80.0
100.0
120.0
0 5 10 15 20 25
P.
W
.P
. (
kP
a)
Number of Cycles(N)
 
 
131 
 
Table A. 9: Properties of VanFdin10 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
VanF10 19.32 193.03 13.95 100 0.37 7 99.79 100 37 0.1 
 
 
Figure A.9 : VanFdin10 Test Results. 
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Table A. 10: Properties of Aktdin1 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin1 19.40 196.91 14.62 100 0.25 6 100.25 100 23 0 
  
Figure A.10 : Aktdin1 Test Results. 
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Table A. 11: Properties of Aktdin2 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin2 19.37 193.7 14.86 100 0.15 14 103.73 100 27 0 
 
Figure A.11 : Aktdin2 Test Results. 
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Table A. 12: Properties of Aktdin3 Test 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin3 19.40 194.58 14.82 100 0.20 8 101.85 100 27 0 
          
Figure A.12 : Aktdin3 Test Results. 
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Table A. 13: Properties of Aktdin4 Test 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin4 19.34 196.05 14.73 100 0.10 95 98.62 100 25 0 
 
 
 
  
Figure A.13 : Aktdin4 Test Results. 
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Table A. 14: Properties of Aktdin5 Test 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin5 19.40 193.92 14.86 100 0.25 11 98.99 97 28 0.1 
 
 
Figure A.14 : Aktdin5 Test Results. 
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Table A. 15: Properties of Aktdin6 Test 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin6 19.37 195.02 14.78 100 0.15 54 103.21 96 27 0.1 
 
Figure A.15 : Aktdin6 Test Results. 
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Table A. 16: Properties of Aktdin7 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin7 19.40 196.25 14.69 100 0.20 20 99.89 100 24 0.1 
 
 
Figure A.16 : Aktdin7 Test Results. 
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Table A. 17: Properties of Aktdin8 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin8 19.30 194.11 14.85 100 0.10 192 97.55 97 28 0.1 
 
 
Figure A.17 :  Aktdin8 Test Results. 
-6
-4
-2
0
2
4
6
0 40 80 120 160 200A
xi
al
 S
tr
ai
n,
 ε
 (
%
)
Number of Cycles(N)
-10.0
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
0 40 80 120 160 200
P.
W
.P
. (
kP
a)
Number of Cycles(N)
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0 40 80 120 160 200
C
yc
lic
 S
tr
es
s 
R
at
io
 
(σ
d/
2σ
c)
Number of Cycles(N)
 
 
140 
 
Table A. 18: Properties of Aktdin9 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin9 19.35 194.61 14.94 100 0.25 17 103.45 100 29 1 
 
 
 
  
Figure A.18 : Aktdin9 Test Results. 
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Table A. 19: Properties of Aktdin10 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin10 19.32 195.15 14.90 100 0.15 97 93.93 100 29 1 
 
 
Figure A.19 : Aktdin10 Test Results. 
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Table A. 20: Properties of Aktdin11 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin11 19.24 196.29 14.81 100 0.20 34 103.21 97 28 1 
 
 
 
  
 
 
 
 
 
  
Figure A.20 : Aktdin11 Test Results. 
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Table A. 21: Properties of Aktdin12 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin12 19.29 194.83 14.92 100 0.10 414 82.79 98 29 1 
 
 
 
 
Figure A.21 : Aktdin12 Test Results. 
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Table A. 22: Properties of Aktdin13 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin13 19.37 196.25 14.77 100 0.25 26 100.01 97 28 1(layered) 
 
 
 
 
Figure A.22 : Aktdin13 Test Results. 
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Table A. 23: Properties of Aktdin14 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin14 19.40 194.64 14.94 100 0.15 93 74.69 100 28 1(layered) 
 
 
 
 
Figure A.23 : Aktdin14 Test Results. 
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Table A.24: Properties of Aktdin15 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin15 19.40 196.52 14.77 100 0.20 39 98.39 100 27 1(layered) 
 
 
 
 
 
Figure A.24 : Aktdin15 Test Results. 
-0.30
-0.20
-0.10
0.00
0.10
0.20
0.30
0 10 20 30 40 50
C
yc
lic
 S
tr
es
s 
R
at
io
, 
(σ
d/
2σ
c)
Number of Cycles(N)
-4
-2
0
2
4
6
0 10 20 30 40 50
A
xi
al
 S
tr
ai
n,
 ε
(%
)
Number of Cycles(N)
-20.0
0.0
20.0
40.0
60.0
80.0
100.0
120.0
0 10 20 30 40 50
P.
W
.P
. (
kP
a)
Number of Cycles(N)
 
 
147 
 
Table A.25: Properties of Aktdin16 Test. 
No 
    Ao    
(cm2) 
  Vo    
(cm3) 
d 
(kN/m3) 
c   
(kPa)
CSR 
(d/2*c) 
  NC  
±2.5 
u     
(kPa) 
  B  
(%) 
  Dr   
(%) 
Fiber 
Content 
(%) 
Aktdin16 19.37 196.31 14.81 100 0.10 332 74.69 100 28 1(layered) 
 
 
 
 
Figure A.25 : Aktdin16 Test Results. 
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APPENDIX B 
Table B.1: Properties of VanSta1 Test. 
 
 
 
 
Figure B.1: The results of VanSta1 Test. 
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VanSta1 19.24 193.79 1.41 100 1.5 96.5 37 0 
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Table B.2: Properties of VanSta2 Test. 
 
 
 
 
 
 
 
 
Figure B.2 : The results of VanSta2 Test. 
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Table B.3: Properties of Akpınar1 Test. 
 
 
 
 
 
 
 
Figure B.3 : The results Akpınar1 Test. 
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Table B.4: Properties of Akpınar2 Test. 
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Figure B.4: The results of Akpınar2 Test. 
Table B.5: Properties of Akpınar3 Test. 
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Akpınar3 19.35 195.03 1.50 100 1.5 97 27 0.5 
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Figure B..5: The results of Akpınar3 Test. 
Table B.6: Properties of Akpınar4 Test. 
 
 
 
Figure B.6: The results of Akpınar4 Test. 
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Akpınar4 19.24 195.71 1.50 100 1.5 98 24 1 
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Table B.7: Properties of Akpınar5 Test. 
 
 
 
Figure B.7: The results of Akpınar5 Test. 
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Akpınar5 19.35 196.06 1.50 100 1.5 98 25 1(layered) 
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Table B.8: Properties of Akpınar6 Test. 
 
 
 
Figure B.8: The results of Akpınar5 Test. 
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Akpınar6 19.24 190.52 1.54 100 1.5 96 40 1(layered) 
 
 
156 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
157 
 
CURRICULUM VITAE  
Name Surname:  Sinan SARĞIN   
Place and Date of Birth:  Istanbul  - 09/02/1985 
Address: Valide Atik M.  Helvacı Ali S. Gazi Apt. No:1/7 34664  
                Uskudar / Istanbul  
E-Mail: ssargin@istanbul.edu.tr   
B.Sc.: Istanbul Technical University (2009)  
Professional Experience and Rewards:    
1)Research Assistant at  Civil Engineering     Department of Istanbul University -  
July  2010- ….. 
2) Project Engineer in Ipekar Muhendislik-  June 2009/ July 2010 
PUBLICATIONS/PRESENTATIONS ON THE THESIS 
 Sezen. A.. Sargın S.. Nomaler.G.. Taşkın. B.. Erken. E..and Yıldırım. H.. 
2012: Geotechnical Aspects of 23rd October 2012 Mw Van Earthquake. Zemin 
Mekaniği ve Temel Mühendisliği Ondördüncü Ulusal Kongresi. October 4-5. 
2012  Isparta. Turkey 
 
 
